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The last few years have been noteworthy for a change in the mental 
position of physiologists in this matter, moving always further from 
vitalistic ideas toward the admission of physical and usually simple 
explanations. The culmination of this tendency in the work of 
Bohnenkamp (1) and his collaborators, whose genius makes heat 
elimination directly deducible from considerations of Lambert’s Equa- 
tion, the Universal Radiation Constant and the Stefan-Boltzmann 
relation is a milestone on the road of progress in metabolic research, the 
brilliancy of which no criticism of details can dim. 

In the ensuing pages no attempt has been made to provide a historical 
basis or general bibliography. These general desiderata of a review 
are supplied by Barbour (2) for heat regulation generally, at a later 
date by Gessler (3) and preéminently last year by Stigler (4) with 
nearly four hundred references. The literature cited herein has, in 
the main, reference to recent work of importance in connection with 
the restricted subject matter treated and the arguments developed are 
kept as free as possible from mathematical equations. Reference to 
any other results mentioned will be found in one or other of the three 
articles above named. 

In this essay only a small part of the subject of heat regulation is 
considered, namely, the effect of physical factors on heat elimination, 
in animals which are provided in some considerable degree with a 
mechanism for maintaining the body at a constant temperature. Gessler 
(l. c., p. 209) prefers to consider this as a mechanism for maintaining a 
constant heat content (Warmebestand) in the body, but were this the 
case one would anticipate far greater temperature variations than 
actually occur, corresponding to known weight variations. Moreover 
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special conditions would have to be postulated for children, changing as 
they grow to manhood. Furthermore the possible mechanism of such 
a ‘“caloristat” is very difficult to imagine. Perhaps one is intended to 
assume the heat as reckoned per unit weight; this would rob the first 
objections of much of their point but the last remains. In any case it 
would be very difficult to demonstrate any superiority for this con- 
ception over constancy of temperature since a variation of half a degree 
in mean body temperature would be caused, other things remaining 
1 

273 +37 620° 

Heat regulation is effected by variations in both heat production and 
heat elimination and the way in which these two react to changes in 
the physical, chemical and physiological conditions provides a wide 
field of research which has been diligently cultivated in the last year or 
two. Heat production, on which its elimination must ultimately 
depend, is doubtless affected by variation of any physical factor what- 
ever and evidence supporting this statement is forthcoming in the 
experiments of Otani (5) on magnetic fields and high pressures and those 
of Schliephake (6) on dielectric strain. 

When the present knowledge of the constitution of atoms and mole- 
cules is considered this is by no means to be wondered at, but it remains 
true that few of these physical factors have a large effect and of these 
the most important are the law of mass action and van’t Hoff’s law, 
since any surface effect or nervous control must without question re- 
main subject to the former, while the operation of the latter is very 
distinctly traceable wherever body temperature variations ensue. 
Recently Bélehradek (7) has questioned the general applicability of 
van’t Hoff’s law in biological phenomena considering that the phe- 
nomena are better explained in terms of viscosity variations in proto- 
plasm. His theory accounts notably for variation of the temperature 
coefficient of metabolism with age, while changes which have been 
shown to take place in protoplasmic viscosity during mitosis are mir- 
rored in the changes in temperature coefficient of mitotic change. 

Elimination of heat on the other hand is largely controlled by tem- 
perature and humidity differences in the air and in the superficial 
portions of the animal, the latter being largely under vasomotor control. 
Of high importance is the extent to which an animal is clothed or covered 
with fur, hair or other substance of small thermal conductivity. It 
would appear also to be a necessary conclusion from the high percentage 
(80 per cent) of heat loss found by Rubner (8) to be due to radiation 





constant, by a variation in heat content of 





——s se 


Eee 











——_ 








BODY TEMPERATURE AND HEAT ELIMINATION 429 


from an animal, a figure later confirmed by Bohnenkamp and Ernst (1) 
that the amount and character of infra-red radiation received must have 
a notable effect on heat elimination by this means since a good radiator 
is always a good absorber. Rubner (9) in a recent publication en- 
visages the possible effect of sunlight in this regard by enumerating 
insolation among the factors influencing thermal environment from the 
physiological viewpoint. See also remarks p. 455 on the effects of wall 
temperature of rooms. 

The sharp gap between warm- and cold-blooded animals is bridged 
by a few intermediate types investigated in the well known work of 
Martin (10). Kolmer (11) denies the truth of Martin’s statement that 
monotremes are devoid of sweat glands and thinks that physical regula- 
tion takes place by evaporation of formed sweat as yet unsecreted. A 
better explanation may probably be found in some colloid change in 
the skin analogous to that found in man by Schade and Marchionini 
(12) which is independent of the existence of sweat glands, combined 
with an ability to alter the volume of the insensible perspiration ob- 
served in man by Borra (13) and later in a measure confirmed by Kayser, 
(14) an ability which is also independent of sweat secretion. 

Hall and Root (15) have recently published some interesting experi- 
ments on amphibians and reptiles which are of interest as indicating 
the possibility that the body temperature of warm-blooded animals 
may be affected by humidity changes in the surrounding air; especially 
under such conditions as are accompanied by or tend to induce an 
approach to poikilothermy as in the newly born and in narcosis. It 
appears from the experiments of these investigators that in very dry air 
of relative humidity about 7 per cent the body temperature of amphi- 
bians may fall 7° to 9°C. below that of their surroundings, while that of 
reptiles is affected to the extent of less than one degree. It is suggested 
that the development of a horny skin may have been a step in the 
evolution of homoiotherms. Benedict and Fox (16) have shown that 
the giving off of water vapour is the principal means of heat elimination 
in the python and Kayser’s view (14) that the abnormally high water: 
oxygen ratios of some small animals such as doves and rats when young 
is due to water arising from increased metabolism is in agreement with 
the forementioned idea, more especially as the values obtained approach 
those of poikilotherms. Adolph (16a) continuing the work of Hall and 
Root has shown that in the frog this effect is independent of nervous 
control, circulatory disturbances, etc. 

Barbour (l.c.) and Du Bois (17) both emphasize that in fevers the 
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metabolism rises with body temperature in accordance with van’t 
Hoff’s law and that there are certain infections and neurogenic fevers 
in which a vicious circle is set up, the disease itself causing a partial 
failure of heat elimination. Whether increase of body temperature 
always acts on the metabolism in accordance with Van’t Hoff’s law is 
however not certain. Radsma (18) has shown that the metabolism of 
Europeans in the tropics is often as much as 103 per cent below the 
Benedict standards although the body temperature is higher. These 
results are confirmed by Radsma and Streef (19) who further show that 
this reduction is not due to lower specific dynamic energy input as the 
result of lower protein diet or to differences in carbohydrate or fat pro- 
portions such as were considered by Krogh and Lindhard. The work of 
Bélehradek has already been referred to. These and other results! 
make it questionable how far it may be legitimate to use body tem- 
perature as a scientific datum. Maresh (20) finds half a degree topo- 
graphic difference in the temperature of the visceral organs of rabbits, 
while the high liver temperature and peripheral temperature gradients 
are well established. Nevertheless there remains little doubt that there 
is a temperature which may be defined within pretty narrow limits in 
man and rather wider ones in other cases which is characteristic of each 
warm-blooded animal. This temperature is subject to small variations 
due to the interplay of physical, chemical and physiological factors and 
especially is this noticeable when one of these factors is varied over a 
wide range as in Hashimoto’s (21) experiments in cold packs. This 
suggests that the body temperature might be higher in the tropics as 
found by Radsma (l.c.). The further deduction that owing to their 
skin’s greater absorptive power the temperature of pigmented peoples 
should be higher, at any rate in sunshine, than that of whites under 
like conditions seems to be negatived by the results of many observers 
quoted by Stigler (22). This is possibly linked with the surprisingly 
high coefficient of absorption of white skin for long wave heat rays 
observed by Abbot and others (see p. 454) and with sweating. 

The observations of Stigler (l.c.) raise the further question how far 
one is justified in grouping warm-blooded animals in a single class, 
since he has succeeded in raising the “thermostat setting’ in rodents 
and keeping them for a long period at the higher level. The same ex- 
periment on other warm blooded types led to rapid death from heat 


1 Those of Matakas (Arch. Exp. Path. u. Pharm., clxii, 395 (1931)) appear to 
have a notable bearing here adequate discussion of which is prevented by con- 
siderations of space. 
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stroke, by the operation of van’t Hoff’s law. Gudjonsson (23) has 
caused a permanent lowering of the thermostat setting by avitaminosis 
in rats. Further evidence that some further subdivision of warm- 
blooded animals in this matter is needed is afforded in the work of 
Hesse (24) on the means of temperature regulation in the African 
elephant which appears to be provided with a special heat eliminator in 
its large vascular ears, regulation being effected by varying the rate at 
which they are moved back and forth.) Though it cannot be artificially 
induced something of the nature of the raising of the thermostat setting 
in man is exemplified in the course of affairs after the rise of tempera- 
ture in typhoid fever (see also p. 439). 

Benedict and Shell (25) note that fasting in men does not greatly 
affect body temperature and the observation has been confirmed many 
times since then. In fasting experiments with pigs (unpublished) in a 
calorimeter I have consistently found the opposite to be the case and 
invariably note temperature falls usually of two or three degrees F., some- 
times more in the course of a five day fast. Benedict and Shell noted 
a lowering of about a degree when a fast was preceded by hard work 
but the pigs mentioned are always kept in pens for a long period before 
experimentation. Benedict and Ritzman’s (26) experience with under- 
nourished steers agrees with that of Benedict and Shell but some lower- 
ing of skin temperature was found and similar results were observed in 
fasting animals (27) and in Benedict’s historical observations on 
Levanzin (28). 

The daily rhythm, the limits of which are set by Gessler as 36°.5 to 
37°.5 C. in man, the former being observed in the early morning and the 
latter in the early afternoon is pretty well established. Two groups of 
individuals differ from this generalization, namely, new-born babies, 
which are sub-poikilothermic and the very aged whose mean according 
to Chelmonski is rather lower and in whom the daily rhythm is often 
reversed. Johansson (29) in his classic paper endeavours to show that 
this rhythm is entirely attributable to two causes, viz.—muscular activity 
and food intake each of which would he thinks tend to place the mini- 
mum where itis in fact found. Gessler is unable to believe that the odd 
half degree variation still found by Johansson, even in the quietest 
experiments, is due to involuntary movement and points out that were 
this so a reversal of the usual phenomena should be shown by night 
workers on which point the results of Lindhard (30) and those of Benedict 
and Shell (28) are at variance. The latter investigators found that after 
hard work there was a definite lowering of body temperature and 
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Gessler considers this fact to be at the bottom of the apparently con- 
tradictory findings as Lindhard used hard manual workers. Gessler 
thinks that the above lowering after work masked the normal daily 
rhythm which he opines remained unchanged as in the experiments of 
Benedict and Shell. 

The question seems to be still undecided. An important point which 
I believe has received less attention than it should have is the actual 
time of minimum. All investigators agree in putting this at 2-4 a.m. 
Now this would be comprehensible on Johansson’s theory if it could be 
established—(a) that the metabolism was at a minimum at about the 
appropriate time after food, and (b) that sleep was most deep between 
these hours. In point of fact the evidence is against both these prop- 
ositions. All investigators agree on the practically continuous fall of 
metabolism in the period from the fifth to the fifteenth hour after food, 
and sleep in man is deepest according to Kohlschiitter, since confirmed 
by many others (31), about two hours after its commencement. The 
hours 2-4 a.m. are noticeable for a very light slumber which becomes 
deeper again later on. The minimum of Kohlschiitter is excellently 
shown in many of the curves recently given by Endres and Frey (32) 
especially in cases where there has been considerable muscular activity 
the previous day. These facts do not support Johansson’s theory. 

One fails on the other hand to follow Hari (33) in thinking that since 
the body can at all times guard against violent temperature fluctuations, 
the central controlling mechanism is evidently at work and therefore 
that it must “acquiesce” in the temperature fluctuation. It seems to the 
writer more reasonable to adopt one of several hypotheses which do not 
demand such a dual function on the part of the regulating centre or 
alternatively a dual centre. Itmay befor example that the true normal 
“thermostat setting” of the central regulation is actually 36.5°C. the 
slight excess over this at various times being due to prolonged slight after 
effects of other factors which only pass off in deep sleep. ‘The restless- 
ness between 2—4 a.m. may on this assumption be precisely the cause of 
the subsequent rise before waking, and Johansson’s theory would then 
fit the facts quite well, more especially if there is any truth in the modern 
psychological theory of “action patterns” as an explanation of thought 
(34) as it is then unnecessary to postulate definite movement, dreaming 
would suffice. Fantastic as this seems at first sight it accords remark- 
ably well with the results of all experiments so far made on the effect of 
mental work on metabolism. The earliest results of Benedict and 
Carpenter (35) showed a slight increase of metabolism during mental 
work whose significance was questionable. 
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Becker and Olsen (36) in their well known paper on the same subject 
found a considerably higher CO, elimination. Later work by Benedict 
and Benedict (37) confirms the earlier results of Benedict and Carpenter 
leaving a very small amount, two or three per cent only, to be divided 
between observed heart and respiration rate increase and mental work 
effect, if any. Such small increase is just what might be expected from 
the full contraction under the “all or nothing” principle of a few isolated 
muscle fibres as postulated in the theory of action patterns. Rosen- 
blum (37a) obtains results sensibly in accord with those of Benedict 
and Benedict. 

Gibson (38) and Osborne (39) established the fact that the rhythmic 
change in body temperature always follows local time as far as experi- 
ments in travel allow this to be tested. 

The most recent experiments on the day and night periodicity in body 
temperature were carried out with much care by Vélker (40). ‘ He found 
that in normal fasting men the minimum temperature is recorded be- 
tween 2—4 a.m. while the maximum persists on the average from 1 p.m. to 
7 p.m. practically unchanged while the 11 p.m. observation was equally 
high. In men on a normal diet the rise of temperature in the early 
morning never occurred in sleep and the rise from the time of waking 
was continuous right up to late evening when the subject again retired 
to rest. By inverting the conditions he was never able tosecure a true 
reversal of rhythm, at most the minimum was somewhat displaced. 
Volker asserts that the same periodicity with the same local time rela- 
tion, which is quite unaffected by the time of year, height of sun or 
duration of daylight (he experimented in Hamburg and at Akureyri in 
Iceland) is observable in the pulse, the blood pressure, the metabolism 
(I have long suspected this in pigs), the kidney secretion, the nyctinastic 
movements of the cotyledons of Phaseolus, and the electrical con- 
ductivity of the atmosphere. Subsequent experiments by Bunning, | 
Stern and Stoppel (41) show that this last is definitely not the cause of 
the periodicity in plants, and certainly it cannot have been in the case 
of the pigs under experimentation here as they are screened by being 
enclosed in a metal walled calorimeter. This is quite in consonance 
with Vélker’s expectation; he pointed to some unknown cosmic cause 
for all such diurnal variations. 

An interesting letter in a recent number of “Nature’’ (42) brings to 
light a singular observation on the North Greenland expedition which 
appears to have an immediate bearing on the present matter. Cook 
observed that Eskimo women were subject to an annual menopause in 
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winter and that the men were temporarily impotent and lacked all 
sexual desire, experiencing also great muscular weakness. Marshall 
(43) had earlier drawn attention to similar phenomena in many animals 
and the matter has been pursued by Ramanathan (44). That this was 
not a racial factor was clear as the members of the expedition were 
equally affected. These phenomena are such as accompany hypopi- 
tuitarism, a normal concomitant of which is also a lowered basal me- 
tabolism and body temperature. The stimulus in spring is in this case 
assumed to be light and it would be most interesting to see Vélker’s 
experiment repeated in Spitzbergen or Northern Greenland as the 
Akureyri experiments seems to me susceptible of criticism on one point. 

Although full daylight would be experienced at midnight in June 
and July the sun was not actually above the horizon at local midnight 
even on 27th June, 1925, the nearest experimental date to the solstice. 
Reckoning to the nearest minute of arc we have for this day—declina- 
tion 23° 20’, refraction 35’, sun’s semidiameter 16’, and dip of the horizon 
at a man’s height 2’. The sun’s equatorial horizontal parallax is 
negligible. Hence the most southerly latitude in which the midnight 
sun was visible on this day was 65° 47’ N. at sea level. Even if Vélker’s 
laboratory were at 50 feet elevation, sufficient, that is, to bring the upper 
limb of the sun above the horizon, Dorno (45) has shown that the 
amount of solar radiation transmitted is negligible up to an altitude of 
several degrees. A more northerly station would moreover be better 
on account of the lesser difference between midday and midnight 
altitudes of the sun and if winter as well as summer and midseason 
observations could be taken the value of the work would be greatly 
increased. Winter observations in Hamburg showed a minimum at 
4 a.m. while moonlight on the North Greenland expedition was with- 
out effect. 

There is another electrical phenomenon which has recently been 
shown to be related to the basal metabolism and so one may anticipate, 
in spite of Radsma’s work, generally correlated with the body tem- 
perature, namely, the electrical conductance between different portions 
of skin. Purdy, Johnson and Sheard (46) find that the basal metabolism 
is equal to 


log y — log 0.005 
— 0.0396 





when y is the electrical potential difference between the area of skin 
over the articulation of the ulna and radius at the wrist and that at a 
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point situated 12 cm. higher up the arm. Thus the higher the basal 
metabolism the lower the potential difference and the higher the skin 
conductance; whereas in Vélker’s work the higher the air conductance 
the lower was the body temperature and presumably the metabolism. 
Purdy, Johnson and Sheard have connected this effect with the blood 
flow which would appear to be the common link between the two since 
a reduced flow whether due to artificial restriction by arterial compression 
or to hypothyroidism affects the potential difference in the same sense 
to a marked degree. 

Gessler (47) attempts to explain the daily rhythm on the supposition 
that the stimulability of the mechanism is greater by day, since the 
response to pulling off a number of blankets is greater by day than by 
night when the room temperatures are about the same and other con- 
ditions similar. 

One may well keep in mind however that the “cosmic cause” of Volker 
may operate either upon the central regulating mechanism or the 
afferent or efferent nerves themselves since any factor capable of affect- 
ing the ionization of the air may not inconceivably have some effect on 
nerve operation. 

Bissonette (48) has recently traced the periodic variations in age at 
sexual maturity in birds to time, intensity and wave length factors of 
light, variations being ascribed to changes in the relative amounts of 
long, stimulating and short, inhibiting waves. 

Gessler relies on a conception of greater winter stimulability to explain 
a supposed seasonal rhythm. He thinks also that the day and night 
reversal in the aged may be due to the fact that the hours of sleep are 
usually much curtailed in these cases. It remains true however that in 
most cases, even then, more sleep is taken by night than by day. 

Gessler notes that the diminished stimulability in summer does not 
cause a diminished body temperature but that we do not know definitely 
whether the mean temperature of the body is not lower. On the other 
hand neither do we know definitely whether there is any seasonal varia- 
tion toexplain. Gessler’s work (49) has been criticised by Vélker on the 
grounds that insufficient attention was paid to control of conditions. 
Lately however Wachholder and Nothmann (50) think they have 
established an annual periodic change in function of certain muscles 
which may turn out to be of importance from this standpoint. Vélker 
(l.c.) was unable to find any seasonal effect. Gessler’s curves correspond 
with such exactitude however that it is difficult to believe that there was 
not actually some effect under the conditions under which he worked— 
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this was by short experiments while the subject was living a normal 
life. Any possible “carry-over’’ effect of the cold weather outside in 
winter would certainly make itself felt under these conditions. Here 
in Cambridge I have never yet established any seasonal effect on the 
metabolism of castrated pigs kept in the dark for some days. Recent 
work by Ogle and Mills (50a) on heat adaptation and by J. Giaja (50b) 
on fatigue renders the existence of such a carry-over effect by no means 
unlikely. Maignon and Guilhon (51) found a distinct seasonal varia- 
tion in the basal metabolism of dogs kept at constant temperature. The 
maximum was in May. 

Benedict and Ritzman (52) working with steers found a distinct 
seasonal effect, even in their control animals, apparently depending on 
temperature but in the opposite sense to that of Gessler. The main ques- 
tion is thus anything but settled. 

We may then consider that apart from very minor variations the 
temperature of the human body in health keeps constant within about 
a degree Fahrenheit. From very extensive experience of the rectal tem- 
peratures of pigs in this laboratory it appears that temperatures from 
101°F. to 103.5°F. must be looked upon as normal. Thus the range of 
variation is greater than in human beings. Tereg (53) gives among 
others a range of 2°F. for the ass, 3.5° for cattle and dogs and even 5° for 
poultry. Hence man may represent the limit to which an evolutionary 
trend to homoiothermy has attained, ordinary domestic animals carry 
us a stage further back and the instances mentioned p. 429 represent a 
more remote adjustment. Marshall (54) puts forward the alternative 
suggestion that the high variability of body temperature may be con- 
nected with the almost complete absence of sweat glands in those 
animals which exhibit it. He thinks that unwonted exercise may well 
raise the body temperature over a longer time in the case of animals 
like the cow which have no means available for cooling the body rapidly 
as the horse and, in a different way, the dog have. He points to the 
great discomfort suffered by cattle when compelled to exert themselves 
violently for some time. That man and dog have heat regulatory mech- 
anisms suited to rather different climatic conditions has been rendered 
clear by Dill (54a) and his co-workers. The former conception lends 
interest to the experiments of Pembrey (55) who showed many years 
ago that a mouse showed a rapid regulatory reaction against cold. On 
re-heating, the opposite reaction was much slower (cf. remarks on 
possible carry-over effect, above.) Very young blind mice on the other 
hand acted as poikilotherms and followed van’t Hoff’s law as to heat 
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production. At eight days old a neutral point was reached. Chicks 
reached this stage before hatching, while young pigeons which are not 
active when first hatched went through the stage mentioned subsequent 
to hatching. Recently Ginglinger and Kayser (56) claim to have es- - 
tablished three classes of animals. The first, of which the mouse and 
dove are examples, comprises those born naked without fur or feathers, 
without thermo-regulation and resembling poikilotherms, in which heat 
regulation develops later, the chemical before the physical. The second 
class, of which examples are the guinea pig and hen, are born or hatched 
fully able to fend for themselves and already have both types of heat 
regulation. The third type is exemplified by rabbits and cats which are 
born more or less helpless, are semi-naked and have chemical but not 
physical regulation developed. ‘The fact of the earlier appearance of 
chemical regulation in the life history has been further rendered clear 
by the experiments of Kayser (14) wherein he shows that the water: oxy- 
gen ratio is equal at the critical temperature for all the animals used, 
namely, the tortoise, mouse, rat, rabbit, guinea pig and dove and that 
for any one species it is constant at any one temperature. In growing 
rabbits at 20°C. fall in temperature (30°-10°) is mainly covered by the 
physical regulation while in the dove the “water metabolism’ remained 
unchanged, the total metabolism rising 93 per cent. Even in young 





rabbits the _ ratio was diminished. In doves and rats on the other 
2 


hand this ratio was often twice the adult value and approached values 
attained for poikilotherms. ‘These results further confirm the deduc- 
tions of Martin (10) on the order of development of the chemical and 
physical regulations. 

We may however venture to doubt how far the classification will be 
able to be maintained in the future;—the rodent class of Stigler (22) 
cuts clean across this division, but refers of course to exogenous hyper- 
thermia which may not follow the same laws. We must moreover 
guard against pushing the analogy between the first class of Ginglinger 
and Kayser and the cold-blooded animals too far. Gessler has already 
drawn attention to the danger, in that cold-bloodedness is not merely 
absence of the normal heat regulatory mechanism of homoiotherms 
since many cold-blooded creatures find it impossible to live at 37°C. 
and one might with almost as much justification point to the even better 
established fact that very young homoiotherms have to be very carefully 
protected from the natural consequences of their condition or they die 
even more easily than poikilotherms at 37°C. 
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That the difference between the two goes deeper than the mere pres- 
ence or absence of a regulatory mechanism is shown by the recent work 
of Nicloux (57) who has demonstrated that the rate of alcohol absorp- 
tion is very different in the normal mouse and in cold-blooded animals. 
In the latter the rate of absorption varies according to van’t Hoff’s law 
with a temperature coefficient = 2, while in the latter it is constant and 
about ten times as great under normal conditions reckoning the mean 
temperature of the mouse as 30° (say). 

The thermostatic mechanism is undoubtedly assisted materially in 
performing its functions by the large water content of the animal 
body. As pointed out by Barbour its high specific heat, latent heat 
of evaporation and thermal conductivity render it peculiarly suitable 
for the “damping out” of violent fluctuations in temperature. It seems 
worth while however to try to get a more precise idea of the physical 
points here involved. Suppose one part of an organism to be over- 
heated as a whole; its temperature may be reduced by evaporation of 
water from its surface, by the flowing away of warm blood from its 
capillaries and its replacement with cooler and by a corresponding 
flowing away and replacement of the lymph which laves the cells of the 
tissues themselves, together with small amounts carried from the 
surface by conduction, convection and radiation. If however this 
alone took place we should soon have a cool surface, cool capillaries and 
the cell surfaces cooled to a greater or less extent according to the 
amount of lymph passing over them. The insides of the cells and of 
masses of adipose or other less vascular tissue would remain warm were 
it not for conduction through the tissues to the surface and to the blood 
and lymph stream. Now in any static system the thermal conductivity 
alone determines the heat flow, but in a constantly varying one the 
correspondence is lost, and the diffusivity, which is a function of thermal 
conductivity, specific heat and density equal to 


conductivity 
spec. ht. X density 





comes more and more to the fore as the determining factor. It is this 
which controls the rate at which a steady temperature gradient is 
established and so it is of primary import in the case with which we are 
dealing. It is clear that the high specific heat tends to reduce diffu- 
sivity but this is more than counterbalanced by the high thermal con- 
ductivity of water by comparison with organic liquids. Hence on the 
whole the diffusivity is also considerably higher than that of other 
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liquids, so that from this standpoint also water is the most satisfactory 
fluid constituent for the body of an homoiotherm. : 

The fact that it is possible to raise the heat production of an animal 
but not to lower it below the level of fasting katabolism seems to indi- 
cate that the regulating mechanism must operate on the eliminating 
arrangements and J. Giaja (58) has gone so far as to claim that the 
basal metabolism represents the minimum, not for continuance of life 
but for maintenance of homoiothermy. In practice however the two 
may well amount to the same thing. That the eliminating mechanism 
is disturbed in fever is clear. Barbour quotes Séderstrém and Du Bois’ 
experiments in which a typhoid patient in the rising stage showed a 
reduced H,O output, while in the following stage this was increased. 

The body temperature may ke increased, temporarily, by the per- 
formance of muscular work and by the specific dynamic action of food. 
Gessler considers that such changes must be considered not to interfere 
with heat regulation, by which he presumably means that they do not 
throw the mechanism out of order. That it takes full cognizance of and 
allows for them in a variety of ways is certain. Increased perspiration, 
flushed skin, deeper and more rapid breathing testify to this in the case 
of muscular work. As regards food Anderson and Lusk (59) found 
some fifteen years ago that there was a certain reciprocity in regard to 
carbohydrate utilization as between heat production and the perform- 
ance of mechanical work in the dog. Benedict and Murschhauser (60) 
found no such effect in man. The writer (61) has found an effect in 
pigs similar to that of Anderson and Lusk and of greater magnitude, 
heat elimination in the early days of fasting and muscular work done 
being negatively correlated. 

The actual measurement of body temperature is not easy. The 
difficulties are reviewed by Stigler (62) who recommends the statement 
in the case of rectal temperatures (a) of the depth of insertion, and (b) 
of the outer temperature, owing to the considerable effect of tempera- 
ture gradient. Clearly as we go down the scale as far as, say, the mouse 
as in Nicloux’s work, it becomes very problematical what poikilothermic 
temperature it should be compared with owing to the complication 
introduced by the existence of this gradient. 

In spite of the complications of diffusivity it is clear that there must 
be something in the nature of a mean temperature gradient in the tissues 
of homoiotherms. This has been investigated by Bazett and McGlone 
(63) with considerable thoroughness by means of thermocouples in- 
serted below the skin of the forearm and thigh. This work brings out 
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clearly first, that the gradient varies with the subject, secondly that 
there is a change at the position of the deep fascia, and thirdly that the 
sensation of “feeling cold’’ is associated with cooling of some layer even 
when the surface is increasing in temperature as after a cold bath. 
This would appear to afford an explanation of the stage of “chill” in 
fevers as due to cooling of the tissues immediately below the skin due 
to adjustment of temperature gradient on withdrawal of blood from the 
surface layers. The further observation made by Bazett and McGlone 
that the skin gradient is less than the fat gradient in cold conditions and 
greater in warm is curious but susceptible of rational explanation. If we 
accept the findings of Lomholt (64) the thermal conductivity of the skin 
taken from the lean rump of corpses is 0.00046-52 cals/cem* sec°C., while 
water in the same units comes out at 0.0014-5 (65). Combining these 
results with those of Borra (13) indicating a sudden, very large in- 
crease in the water content of the skin in warm surroundings amounting 
according to Schade and Marchionini (12) to nothing less than a total 
change in nature of the skin from lipogel to hydrogel, we see that skin 
conductivity in warm conditions must be greater than in cold. Now 
remembering that the increased vascularity of the sub-dermal layers 
under warm conditions will raise the temperature inside the skin above 
what it would otherwise be, while its increased conductivity will enable 
the outside to approximate more nearly to that of the surrounding air, 
we get a clear picture of why the skin gradient should become steeper 
in warm surroundings. The temperatures called warm by Bazett and 
McGlone are identical with those at which Borra found this great in- 
crease in insensible perspiration. Incidentally support is afforded to 
Barr and Du Bois’ (66) idea that the sharp bend of temperature gradient 
may not be at the skin in fever. 

This work renders pertinent the enquiry whether these gradients 
may not be affected by the composition of fat as well as its quantity. 
That food may affect the composition of fat has been known for some 
time, Ellis and his coadjutors (67) have been working for some years 
on this phenomenon in pigs and Cathcart and Cuthbertson (68) quote 
numerous observations of a like nature in man and show, furthermore, 
that even apart from these variations there exist definite local differences 
in composition at different parts of the body. The data are scanty 
but as far as they go seem to indicate that no great variation in gradient 
is to be expected with varying composition. The thermal conductivity 
of olive oil, castor oil and poppy seed oil for which fairly reliable data 
are available (69) all come out in the neighbourhood of 0.0004 cals/ 
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em* sec °C, (= 0.0017 watts/em* sec °C.) at 4°C. Of these poppy seed oil 
has an iodine number round about that found by Cathcart and Cuth- 
bertson for liver fat, while that of the other two oils is rather higher than 
the values found for other body fats. 

Of interest from the above point of view and even more in a general 
way, especially to the farmer, are the observations of Zummo (70). He 
finds that the iodine number of the fat laid down by albino rats depends 
upon the temperature of their surroundings in such manner that the fat 
of rats kept at 0°C. has an iodine number very distinctly smaller than 
that of the fat of others kept at 30°C. A period of eight days sufficed 
to show this effect and it is independent of the food. It seems to call 
for a more thorough investigation of the thermal conductivities of fats, 
more especially with an eye to possible differences between saturated 
and unsaturated types. One envisages the possibility of another mode 
of heat regulation operating more slowly, perhaps accounting for some 
phenomena of seasonal change in heat elimination. 

Naturally any asymmetric deposition of subcutaneous fat or un- 
equal conductivity of the skin, whatever its cause, must affect the 
surface temperature and there appears no reason to ascribe the varia- 
tions observed by Cotte (71) at symmetric points in the ankles to any 
deeper or more fundamental cause; indeed from the information supplied 
it is difficult to see how changes due to varying air currents or unequal 
external insulation were avoided. 

Swift (72) states that the onset of shivering is delayed by a thick 
layer of subcutaneous fat. This may account for the greater ease with 
which women accustom themselves to the conditions of employment as 
artists’ models. Swift’s further observation is curious however; he 
finds that the stimulus to shivering is not a fall in body temperature, 
but the attainment of a skin temperature of about 19°C. (cf. Bazett and 
McGlone p. 440). It seems singular that the subject with a thick sub- 
cutaneous fat layer should respond to the same temperature as a thinner 
one unless the stimulus is nervous, in which case it is no less difficult to 
understand why this thick layer of fat acts in the way it apparently does 
in delaying the onset of shivering. A fuller account of this work will be 
awaited with interest. 

Of equal importance with the temperature gradient in the superficial 
layers is the surface area of the body when heat elimination is in question. 

The surface law has come in for severe criticism during the last decade. 
In detail it cannot of course be true, but in this matter even Rubner 
himself agrees (9, p. 289). Showing a perfect appreciation of the ob- 
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jections based on the failure, in reckoning geometric surface, to take 
into proper account the fact that the effective radiating surface is never 
quite the same as the geometrical one, see Bohnenkamp (1). The differ- 
ence between the two is a function of body shape and the position 
selected and in human beings often anything but negligible even when 
referred to a standard position. Hence two distinct surfaces come into 
the computation, the geometrical which may perhaps be considered 
operative for heat loss by conduction, convection and evaporation 
whether the temperature be above or below that of skin change of 
Schade and Marchionini (12) and a special surface, equal according to 
Bohnenkamp and Pasquay (I.c.) to 4 z times the square of the electrical 
capacity, which is operative for that portion of the heat which is radi- 
ated from the body. The difference between the two arises from the 
fact that certain surfaces of the body radiate towards one another, 
either entirely or in part. Geometrical surface must also affect the 
metabolism corresponding to the cutaneous respiration, see Shaw and 
Messer (73). 

Approximately contemporaneous with the above work is that of 
Kleiber (74) who ably discusses the theoretical implications of the surface 
law from all pointsof view, and gives in addition a good bibliography. His 
arguments in favour of relating metabolism measurements to a higher 
power of the body weight than } depending as they do on considerations 
of the intensity of blood flow to the tissues connect up with Purdy, 
Johnson and Sheard’s work noticed earlier. 

A principal difficulty in reaching a settlement of this vexed question 
has been the lack of sufficiently accurate means of determining what the 
surface area of an animal is, even in a standard position. The writer 
has recently published (75) an account of a new method of attacking 
the problem by mathematical means with an accuracy of +2 per cent. 

The possibility that the relative importance of the two operative 
surfaces may change from time to time is suggested by the work of Borra, 
of Schade and Marchionini, and of Shaw and Messer already spoken 
of. ' 

It may well be that the question of the surface law will be absorbed 
eventually in the larger one of the application of another general law 
discovered as a special case by Rubner, namely, that of uniform met- 
abolic power of vertebrate tissues excluding man. ‘This law has re- 
cently been given much wider scope by Bauer (76) who finds the 
quantity 
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to be approximately constant for each class of animal, but to increase 
steadily from 5.8 X 10 in coelenterata, through echinoderms, worms, 
molluses, arthropods and vertebrates to 9.3 X 10° in man. 

While the physical regulation already begins to lose the definiteness 
of its boundaries and shade off into the chemical at numerous points of 
contact the distinction remains useful. The effects already mentioned 
as observed by Gessler and by Benedict and Ritzman, which amount to 
a time effect on basal metabolism are hardly capable of classification 
as yet while Gessler’s point that it is not possible to differentiate the 
chemical from the physical regulation by means of temperature con- 
siderations only, since chemical regulation alone is insufficient in amount 
to account for the maintenance of constant temperature in very cold 
surroundings, is not to be forgotten. One must allow the existence of 
variation of heat loss as well. 

Physical regulation of body temperature proceeds by conduction, 
convection, radiation and evaporation. The first two of these may be 
considered from the internal and from the external standpoint while 
radiation and evaporation both operate externally only as far as heat 
elimination is concerned. 

Conduction from the internal point of view has already been con- 
sidered in some degree in connection with the maintenance of constant 
temperature in the body. Consideration of temperature gradients, 
depending in so far as conduction is operative on fat mainly, leads to two 
different end points according as the discussion is pursued regionally, 
leading to temperature topography; or generally, leading to considera- 
tions of ‘‘mean skin temperature” specific gravity, and basal metabolism. 
The same dual path is available also in considering convection, radiation, 
etc., and Bohnenkamp and his collaborators aim to show that the in- 
tegration of observed effects along the regional path equals those ob- 
tained by following the general. 

The gradient is naturally a function of the internal temperature as 
well as of the external and hence Stigler (62) suggests that in the ability 
to tolerate an exogenous hyperthermia for a long period the rodent is 
actually provided with a new form of heat regulation since by allowing 
its body temperature to rise it increases the loss of heat by conduction 
from a negative quantity to nil. At the same time the loss by convec- 
tion, radiation and evaporation is also raised. 

Clearly the rate of heat loss by conduction to the surface is also 
modified by the vascularity of the surface layers, so that such effects of 
internal convection as are mentioned later must affect the conduction 
quota. 
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It has been pointed out by Barbour that the obvious fact that the 
danger from overheating is normally from within while that from over- 
cooling is normally from without finds a physiological expression in the 
situation of Ruffini’s corpuscles in deeper layers than Krause’s bulbs. 

Very high external temperature causes vaso-constriction according to 
Berti (77) recently confirmed by Pickering (77a) and this serves a use- 
ful purpose in reducing the temperature gradient, thus minimising in- 
ward conduction apart from its more obvious purpose in lessening in- 
ternal convection. 

The amount of fat clearly cannot be varied suddenly but the internal 
temperature gradient and therefore the rate of heat loss may be so, 
not only by change in temperature difference but by alteration in 
effective thermal conductivity by vaso-motor means, or otherwise. 

Since the subcutaneous fat acts as an insulator the temperature gradi- 
ent and therefore, under like conditions, the rate of elimination of heat 
by conduction must vary at different parts of the body since the fat 
layer is not equally distributed. In considerable cold, moreover, the 
extremities may become supercooled and the circulation be appre- 
ciably retarded, while Kirk (78) has shown that a change in the opposite 
direction takes place in sleep and anesthesia. Both these effects have 
an obvious influence on the regional output of heat by conduction 
through the surface layers. 

The order of difference likely to be made in the amount of heat trans- 
ferred through the skin at different parts from these causes together 
with internal convection differences, is apparent enough from the ob- 
servations of Bohnenkamp and Ernst (1 tables 4 and 5). The differences 
between the tops and soles of the feet are specially noticeable both in 
themselves and as between the different subjects. Although the ob- 
servations are actually of heat radiated the skin temperature on which 
this depends is affected by conduction. 

In view of the above facts, the question arises as to the possible per- 
centage accuracy of the radiation loss determination by Bohnenkamp 
and Pasquay (1) (Mitt V) in which the mean radiating temperature of 
the skin is determined from the specific gravity (sic). This computation 
gives Ts in the equation— 

Energy loss by radiation = 


o(T, — Tj) 86400 S, 


where ¢ is the universal radiation constant, Sp the “effective radiating 
surface” and Ts and Tx the absolute temperatures of the skin and en- 
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vironment respectively. From the graph, p. 151 of the above paper, it 
does not appear that the investigators can get nearer to the mean skin 
temperature than + 0.3°C. working from a specific gravity itself affected 
with an error + 1 per cent (l.c.) whence it is easy to compute that the 
error in the energy loss by radiation, working as they do with a room 
temperature 25°, amounts to about + 6 per cent, increasing rapidly as 
the room temperature is raised. Hence it would appear desirable in 
using the method to employ the lowest room temperature found feasi- 
ble by Bohnenkamp and Ernst (l.c.) namely 23°. Even then from 
Bohnenkamp and Pasquay’s results (1) Mitt. III it appears not im- 
probable that a corresponding reduction in skin temperature might 
render this advantage almost nugatory. On the other hand the lower 
the temperature the less trust can be placed in the mean skin tempera- 
ture deduced from the specific gravity, since abnormal cooling of the 
extremities may come in. 

In considering the values quoted in tables 4 and 5 of Bohnenkamp and 
Ernst (l.c.) it is perhaps well to remember that no general deduction as 
to relative values can legitimately be drawn from them; since the 
difference between the 4th powers of two temperatures is a function of 
the absolute values of those temperatures. Cobet and others.(79) find 
appreciable personal differences in this matter and aver that constancy 
of temperature is not reached at the skin for ? hour after the clothing is 
shed. A trained subject cooled the legs more and the chest the same 
as an untrained one hence the training was effective in producing a 
better use of the heat regulating mechanism. 

A fall of external temperature should intensify the difference between 
skin temperatures at isolated spots in so far as these are dependent on 
conduction through the superficial fat layers. The temperature topog- 
raphy of the skin however depends also on the situation of exothermic 
chemical activity in the body. This has been a subject of controversy 
(see Barbour’s review). The recent observations of Benedict and Fox 
(16) on pythons speak emphatically in favour of this dependence since 
they found a noteworthy increase of temperature, amounting to several 
degrees, at the bulge in the reptile’s body when it was digesting a meal. 
The possibility of this being to some extent under control is opened up 
by their latest work on the incubating python (80). 

Barr and DuBois (66) state that skin temperature is not necessarily 
a criterion of slow or rapid heat elimination since the sharp bend of 
temperature gradient may not be at the skin. Bohnenkamp and 
Pasquay (1) Mitt. III and V, claim that heat radiated is very definitely 
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a function of the fourth power of the absolute skin temperature and if, 
as they claim, this is the greatest fraction of the total heat eliminated, 
which must of course reach the surface by conduction and convection 
combined; we might anticipate a like dependence of the total heat elimi- 
nation on the skin temperature. Barr and DuBois find that this is 
not so, they state (p. 644) that when the internal and external tempera- 
tures are fixed, whether the skin temperature is high or low “‘. . . in 
both cases the individual produces within his body the same amount of 
heat per hour and eliminates the same amount per unit surface.” The 
only feasible explanation of this paradox is that as the amount of heat 
radiated increases the amount passing off as insensible perspiration 
decreases. This we shall see later is apparently the case, at any rate 
when conduction and convection losses are reckoned in with radiation 
loss. If this is so however it appears that present ideas in the matter of 
insensible perspiration in relation to basal metabolism will have to be 
modified. 

Bohnenkamp and Pasquay (1) Mitt. V, give weighty reasons for think- 
ing that the well-known difference in basal metabolism between males 
and females of many different species, including man, depend in the 
first place on skin temperature difference due to greater thickness of 
subcutaneous fat in the female. This extra fat lowers the specific 
gravity, that of women being found to be distinctly less than that of 
men. Arguing from this they are able to account satisfactorily for (a) 
the fall of basal metabolism with age, (b) the greater approximation of 
the sexes in this regard as age advances. Also it seems to explain the 
greater ability of women as swimmers and certain peculiarities of the 
metabolism of pachyderms and cetacea. One noteworthy point is that 
the reduction in skin temperature due to fat, in a fat man, actually makes 
a greater difference in the metabolism in a negative direction than does 
the consequent areal increase in a positive direction. 

How far the determination of metabolism by specific gravity and 
electrical capacity measurements will justify itself must be left to the 
test of time, but one cannot but feel that some experiments on the test 
objects used by Bohnenkamp and Schmih (1) with these filled with 
water at, and perhaps also slightly above, body temperature would 
have afforded a valuable check on the performance of the bolometers. 
Furthermore, since the volume of a human being appears to be from 
60 to 90 litres and the total volume of the lungs, mouth, etc., is about 4 
litres (81) it is questionable whether the error involved in correcting a 
water immersion experiment for the air estimated to be in lungs, etc., 
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would be so much greater than the 0.7 to 1.0 per cent found for the com- 
plicated gas immersion test.employed. The simplification would be a 
great advantage. 

Mark (82) and later Wieland (83) have shown that the subcutaneous 
fat layer always acts as an insulator causing the fat man to make an 
earlier call upon his physical regulation than does his thinner brother. 

The recent findings of de Bruin (84) that the gas exchange of fat 
children is within the normal limit of variation is reasonable in view of 
the facts mentioned on page 446, especially as some of the subjects 
were noted as being too long for their age. 

Even with the naked body, at rest, the question of external conduc- 
tion is a complicated one, owing to the fact that as soon as the air in 
contact with the body has become warmed a little convection currents 
are inevitably set up. On the other hand it is equally true that no such 
convection current can start before either some heat has been passed 
out from the body by simple conduction or some water has been evap- 
orated, reducing the density of the air with which it is admixed. Usually 
both processes go on together. 

Probably heat loss by conduction, externally, is more dependent on 
geometrical surface than any other process with which we are concerned 
here, though even so the axillar and perineal regions are exceptional. 

Very pertinent to this question is the investigation of McGlone and 
Bazett (85) on the temperature of the air in contact with the skin. 
They found that up to a distance of 1 mm. from the skin the air in 
contact therewith was less than 1°C. below it in temperature under 
comfortable or warm conditions. This layer was reduced to 0.5 mm. 
in cold air. Air movement affects this to a marked degree, and hair or 
fur provides what they felicitously term a “private climate.” Except 
for this interference the law of decrease of temperature is exponential. 

Clothing or a coat of hair or fur greatly reduces both conduction and 
convection externally and hence, except for the relation to evaporation 
loss mentioned, would greatly affect metabolism. There are many 
extant observations of the result of removing a covering, natural or 
otherwise. A. Giaja (86) claims an increase of 78 per cent in geese and 
54 per cent in hens as the result of removal of feathers. He claims that 
the feathers in geese are not passive insulation but active physiological 
agents used for heat regulation by variation of elimination. They 
afford better protection the colder the exterior and the effect is not 
noticeably affected by wind. Turkeys have less thick feathers and the 
heat regulation is partly chemical, that is, the critical temperature is 
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higher. Benedict and Benedict (87) found no difference in the amount 
of insensible perspiration and therefore presumably metabolism as 
between the clothed and nude condition in an artist’s model, while Kriss 
(88) finds the insensible perspiration actually increased by the possession 
of a winter coat in cattle, presumably as the result of the balance mecha- 
nism previously mentioned. The heat production of the shorn animal 
was however greater according to Forbes (89) if his figures refer to the 
same animal, as appears to be the case although his communication is 
now seven years old. Ritzman and Benedict (90) find, with sheep, an 
effect of shearing fully comparable with that of Giaja on geese. The 
vexed question therefore as to whether clothing, or natural coat, has 
any insulating action the effect of which is apparent in heat measure- 
ments may probably be considered as answered in the affirmative. 

Internal convection currents play an important réle. Clearly, the 
steep temperature gradient in the ears of elephants and rabbits although 
resulting in a heavy loss by conduction and probably evaporation is 
primarily due to the high vascularity and blood flow and hence if these 
are affected in any way there will be a change at the top of the gradient 
causing this to adjust itself and the rate of heat loss will be changed, 
and similarly in other cases (but see Grant, R. T., et al. Heart, xvi, 
69, 1932). 

Heat loss by internal convection takes place also, physically speak- 
ing, by the vaso-constriction observed by Berti (l.c.) at high external 
temperatures in that this causes a loss to the body of the extra, un- 
wanted heat which would otherwise be carried in from the surface by 
the blood stream. 

On cooling the body the blood sinks below the subcutaneous fat and 
Krogh (91) has shown that on warming again acceleration of the blood 
stream by the widening of the capillaries, arterioles and veins can con- 
siderably augment the flow without any actual increase in number of 
capillaries, but that in all probability there is also an increase in the 
number of these in active use. Physically there are several factors at 
work here. An opening of the capillaries must inevitably cause a fall 
in pressure difference at their ends, i.e., in driving pressure causing blood 
to flow through them, and this in its turn must result in a rearrangement 
of pressure gradients in the vascular system generally so that the quan- 
tity of blood flowing is increased by reduction of friction head in com- 
parison with other parallel paths. The process is further assisted, pre- 
sumably, by the reduction of viscosity due to the greater water content 
of the blood under these conditions discovered by Barbour and since 
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confirmed by the experiments of Marx, Barcroft and others (for nu- 
merous references see Gessler).? 

The destination of the blood which is driven from the surface in cold 
surroundings is uncertain. Gessler quotes authorities for the statement 
that it goes to the muscles and abdominal organs where extra heat is 
generated for chemical regulation and oxygen is therefore required. 
The work of Barcroft, which he has summarized recently (92), goes to 
show that the blood used need not necessarily be actively employed the 
while, but may be passively stored in the liver and especially in the spleen 
and discharged thence by a nervous mechanism as required. 

Meanwhile warmth is not the only means of inducing a change in the 
peripheral blood flow. Various drugs, adrenaline, nitrites, etc., occur to 
one immediately, but Cobet and von Haebler (93) have lately shown 
that this can be done by simple immersion of the body in CO, gas in the 
cold. Under these circumstances the peripheral blood flow is notably 
increased, while the CO, absorption by the skin has no significant effect 
on the metabolism. It appears to offer a new field of work, of some- 
what uncertain promise perhaps, on the problems of heat regulation as 
affected by internal convection. 

External convection is of two kinds—free and forced. In free con- 
vection the surrounding air is at rest except for the gravity air currents 
set up by the warmth of the body. The physical definition of forced 
convection stipulates that the ambient fluid shall move owing to 
external causes with such velocity that the free convection currents set 
up may be neglected. We see then that under laboratory conditions, 
without clothing, and at rest in a room without fans, a close approach 
to free convection conditions is made, while in normal life a man or an 
animal doubtless approximates more or less nearly to forced convection 
conditions. In the case of man and some animals the problem is further 
complicated by the continuous giving off water vapour either by sen- 
sible or insensible perspiration. This effect will not be purely additive, 
causing increase in the gravity current in free convection by admixing 
a greater or lesser quantity of water vapour of density = 9 with air of 
density = 14.7, since the actual process of evaporation entails a lower- 
ing of surface temperature, otherwise it could not perform its function 
in temperature regulation. Hence, at first sight, there appears no 
absolute certainty that the convection current need be increased at all 
by evaporation since circumstances are easily imaginable in which the 


2 Such an effect of viscosity has been rendered almost certain by E. M. Landis 
since the above was written, see Amer. Journ. Physiol., 1933, ciii, 432. 
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surface might even be cooled below the room temperature, and anyhow 
there is no guarantee that the extra heat outflow due to the steeper 
gradient will do more than cover the cost in latent heat of producing the 
vapour. What makes it certain that an appreciable increase in con- 
vection will take place is the enormous relative volume of vapour gen- 
erated, a cubic millimetre of water producing more than a cubic centi- 
metre of vapour of density = 9. In short all we appear to be justified 
in stating is that the presence of perspiration whether sensible or in- 
sensible will augment algebraically, to some indefinite extent, any 
effect which may be deduced for free convection. 

A short treatment of both free and forced convection in its general 
physical aspects is given, together with a considerable bibliography by 
Rice (94). It is well brought out by Griffiths and Davies (95) that 
geometrical form and even orientation are not without influence on the 
quantity of heat lost by convection. Thus an oblong plate in a vertical 
plane cools more quickly when its length is horizontal and its width 
vertical than in the reverse conditions. Hence only a rough idea of the 
amount of heat which may be expected to be lost from the body by free 
convection in air can be hoped for, but as it happens this admittedly 
rough figure is of considerable interest, since it is larger by a great deal 
than that obtained for it by Rubner (8) by difference, and again last year 
by Bohnenkamp and Pasquay (1) mitt. V also by difference. A vertical 
cylinder of area equal to that of the subject W of the latter authors main- 
tained 6.5°C. above its surroundings, corresponding to the difference 
between room and skin temperature given by them for a room tempera- 
ture of 24°C. loses between 600 and 700 Cals./day by free convection 
whether we use the formula of Rice or that of Griffiths and Davies, 
while the original authors assume that 100 Cals./day is an ample allow- 
ance for heat loss on this account for the man in question. The work of 
Griffiths and Davies suggests that the difference in form between a man 
and a vertical cylinder is in no way adequate to explain this large differ- 
ence, even when the man is standing on a floor instead of being sus- 
pended. Evaporation it is clear, must intensify the disparity between 
the figures. It is moreover impossible to think that when a person is 
normally still, there will not be some movement which will assist heat 
loss. The question has recently been investigated in some detail by 
Aldrich (96) and his results obtained with normally fed subjects showed 
the total heat radiated did not exceed and was usually about 80 per 
cent of the basal metabolism, or 60 per cent of the total radiation and 
convection loss and Biittner’s figures (96a) fully confirm this. It is 
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much more in accordance with what one would expect. Since orienta- 
tion is of importance in considering convected heat elimination it is 
desirable that some difference should be made between the standing and 
the lying position when abnormal or young human beings are considered. 
For the grown man quoted above there is but little difference, consider- 
ing the convection from an equi-areal cylinder, but since in this position 
the thickness of the cylinder enters into the computation inversely as its 
fourth root, while in the vertical position convection is independent of 
diameter the bearing of this on observations in obesity or of small chil- 
dren must be remembered. The heat loss in the vertical position is 
moreover proportional to a higher power of the temperature difference 
than in the horizontal. 

Forced convection has hardly been studied except in regard to cases 
where free convection is negligible, consequently one is at a considerable 
disadvantage in discussing the effect of the smaller movements on heat 
loss. If one employs the formula given by Rice (l.c.), the heat loss by 
forced convection from a horizontal cylinder of the area of the man pre- 
viously mentioned in an air stream of 300 cm./sec. would be about 5 
times the free convection loss but this is to make several unwarrantable 
assumptions when the body is substituted for the cylinder. The air 
blast will reduce the skin temperature slightly, as shown by Benedict 
and Parmenter (97), greater differences have been observed by Strauss 
and Schwarz (97a), and this will reduce the convected heat. The po- 
tential rate of evaporation will be increased but the skin will under most 
circumstances reduce this by supplying too little water. Between them 
these factors may appreciably reduce the above multiplier. Even at the 
very low air velocity of 30 cm./sec. the computed convection comes out 
rather higher than free convection. As under such circumstances the 
above limiting factors cannot operate to any great extent and it seems 
likely that some sort of vectorial summation of effects of the free and 
forced convection is to be anticipated, it would appear justifiable to 
assume that slight movement may augment heat loss by convection to an 
extent varying with the amount of movement but probably less than 
doubling the amount of it. 

This estimate agrees very well with the practical observations of 
Houghton, Teague, Miller and Yant (98) who found the total heat loss 
from the body by convection and radiation (including conduction) in- 
creased by about 50 per cent in an air stream of 385 ft./min. (= 195 
em./sec.) although the relative humidity was 95 per cent. Radiation 
cannot have been increased, since skin temperature must have fallen 
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slightly according to Benedict and Parmenter (l.c.); we conclude there- 
fore that the increase must be due to convection. At the above air 
speed the computed forced convection is approximately four times the 
free. Hence the 3-5 per cent estimated by Bohnenkamp and Pasquay 
for free convection might, if correct, become 12-20 per cent; an increase 
of 9-15 per cent as against 50 per cent observed. Aldrich found a 
comparable increase with his metal cylinder. In the above reasoning 
no account is taken of the skin cooling which would be present to some 
small extent and widen the discrepancy to the disadvantage of radiation 
owing to the fourth power of the temperature being involved. 

Benedict and Parmenter (l.c.) also have an interesting observation 
on an artist’s model who remained naked in the laboratory for an hour 
before the experiment and was then able to increase her metabolism by 
over 600 per cent by walking on a treadmill up a gradient of about 1 in 
6, without thereby increasing her skin temperature at all. Of course 
a considerable amount of this increase will be accounted for by extra 
evaporation from the skin and lungs but to account for the whole of it 
in this way demands that this quota be multiplied by 24 as a mere result 
of walking. The skin temperature was, it is true, in the range of maxi- 
mum variation of insensible perspiration of Borra, but the skin tem- 
perature was, if anything, lower. If however one may assume a moderate 
increase in Bohnenkamp and Pasquay’s estimate the above figure may 
be largely reduced and for this Aldrich’s results afford every justification. 

From the physiological point of view the general effect of wind and 
weather on basal metabolism has been investigated by Benedict and 
Crofts (99) who find it wnaffected. Benedict and Benedict (100) find 
the same result for the insensible perspiration alone. Houghton, Teague, 
Miller and Yant (l.c.) confirm Benedict and Crofts’ results on the whole 
but they find that if the temperature is below 12°C. the wind has an 
effect which increases as the temperature falls (see also ref. 97a). As 
farm animals are usually kept at lower temperatures than this, at any 
rate for the greater part of the year, it is likely that the subject would 
repay further study from the agricultural side. Forbes, Braman and 
Kriss (100a) confirm the above results on cattle, but worked at 21.8°C. 

Bohnenkamp and his collaborators rightly emphasize the essential differ- 
ence between the geometric surface, and their special “‘operative surface 
for radiation.”’ If, however, the energy convected and conducted from the 
body is considerably more than 3-5 per cent of the whole, it raises very 
appreciably the general importance of geometric rather than radiating 
surface. This is further increased when farm animals are in question, 
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since we have here, almost certainly, a preponderance of forced convec- 
tion under natural conditions; and apart from this, the ratio loss by 
convection:loss by radiation will be increased by the low surrounding 
temperature, the radiation loss varying as the cube of the absolute 
temperature for the same temperature difference while the convection 
remains unchanged or practically so. It may be remarked in passing 
that under Bohnenkamp’s conditions of complete nudity at 24°C. and 
medium humidity a maximal réle is thrown on radiation for keeping up 
a proper heat loss. 

Heat loss by radiation is in the nature of things wholly external. It 
consists of long wave infra-red rays corresponding to a skin temperature 
of about 32.5°C. (= A max 9.44 w) (1) Mitt. ITT, at normal body tempera- 
ture. Bohnenkamp and his co-workers (1) have shown that this radia- 
tion follows all the ordinary physical laws and that therefore when two 
antiposed surfaces radiate directly on to one another there is at that 
place no net radiation loss whatever. In consequence the measurement 
of this fraction of the heat loss per unit surface area is meaningless when 
the surface referred to is the geometrical surface of the body. Bohnen- 
kamp and Pasquay (l.c.) introduce what they call the ‘operative sur- 
face for radiation loss.’”’ An awkward expression which in the writer’s 
opinion might with grace and convenience be renamed the “Bohnen- 
kamp-surface.”’ 

This surface they give reasons for supposing equals numerically to 
4 x X the square of the electrical capacity. Hence it varies with the 
position of the body, especially as to whether it is bunched up or ex- 
tended. In certain pathological cases this differed so materially from 
the normal as to account for the very abnormal metabolisms recorded 
for these subjects when computed in the ordinary way. 

It may be noted however that the connection between the Bohnen- 
kamp-surface and the experimentally determined electrical capacity 
depends on the assumption that the surface of a human being is a perfect 
electrical conductor, insulated, and not containing within itself any 
source of E.M.F. Insulation can be more or less achieved but neither 
of the other conditions is strictly true as may be seen from the experi- 
ments of Purdy, Johnson, and Sheard (see p. 434) and those of Waller 
(101). The first named workers selected their position for measure- 
ment on account of the small number of sweat glands in this region and 
showed that the phenomena were unconnected with sweat, but prob- 
ably with colloid changes in the skin as earlier opined by Waller. This 
may now perhaps be interpreted in terms of the results achieved by 
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Schade and Marchionini (see p. 440). The measurement of the 
Bohnenkamp-surface by the electrical capacity in the manner of 
Bohnenkamp and Pasquay may therefore be affected by E.M.F. change 
which is itself affected by blood flow and so correlated with basal 
metabolism. Hence the measurement of radiation loss per unit of 
Bohnenkamp-surface may be about as indefinite really as measuring 
sugar by number of lumps; it may, however, also turn out to share the 
common convenience of this enumeration of slipshod units. 

The emissivity of the skin is high, Stewart (102) found it about equal 
to that of lamp black while Cobet and Bramigk (103) have recently 
found a still higher figure confirmed by unpublished observations of 
Rubner and others of Abbot cited by Benedict and Parmenter (97). 
We must note carefully, however, that this applies solely to the radia- 
tion about 9.44 uw in the infra-red. Martin (104) has demonstrated 
clearly that when we are regarding the body as the receiver of radiation 
generally the case is very different and the eye is not in error when it 
tells us that white skin is a better reflector and so a poorer radiator than 
black and that this applies not only to the light but to some considerable 
part of the heat rays as well. Keller (105) has investigated the matter 
more recently and has shown that when heat rays of 9.44 » are used 
blackened skin is not more absorbent than unblackened. The emissive 
power of the skin is unchanged by smearing it with unguents (106). 

The energy the body loses by radiation is really the difference between 
that emitted and that received. That this must be so is more or less 
obvious but its demonstration is due to Bohnenkamp and his collab- 
orators especially Pasquay. 

The amount radiated away per unit time has been shown by these 
experimenters to follow the Stefan-Boltzmann relation, i.e., 


J= «(Ty = Th) Sp (See p. 444) 


Barbour’s point that the radiation varies with the peripheral blood flow 
follows of course from this since Ts is changed, as also does the observa- 
tion of Phillip (107) that radiation is increased by massage since the 
peripheral blood flow is altered. His other observation on the rapidity 
of fall of radiation after disrobing is clearly contained in the equation and 
accords with the earlier observations of Stewart (102) who traced it to 
reflex vaso-constriction beginning immediately on exposure. This of 
course results in lowering of surface temperature and a much more 
rapid fall of radiation in accordance with the law above. 

Martin’s observations render it quite clear that a real difference does 
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exist between white and coloured races as regards absorption of heat 
radiation from without. Of the heat energy of the noonday sun in 
London in summer an average blonde skin absorbed only 57 per cent, a 
semitic brunette 65 per cent, a Hindu 78 per cent and a negro 84 per 
cent. The matter has been further investigated by Angus and Taylor 
(108) and by Meyer and Kirchoff (109). Both these workers agree more 
or less in finding that the longer waves pass the outer layer of the skin 
and are absorbed somewhere below this, especially by melanin. Plotni- 
kow and Mibayashi (110) have recently considered the scattering of 
such rays in the tissues and conclude for a lower penetration of body 
tissues by such radiation than has previously been considered probable. 
Hence, on the whole incoming radiant heat appears to deliver its energy 
to the body somewhere in the surface layers.2 The possibility of the 
receipt of small quantities of energy by the body from certain hitherto 
unsuspected sources seems to be opened up by the work of Wiggen and 
Orias (111) who have induced a hyperthermia with wireless waves. 

The amount of heat radiated depends, theoretically, not only on skin 
temperature but also on the room temperature. This latter is difficult 
to define properly since the actual radiation takes place only to a small 
extent to the air and largely to solid objects in the room, walls, ceilings, 
floors, etc. Consequently, the equation may fail if Tp is taken as the air 
temperature. The matter never seems to have received adequate 
attention, it is just touched upon by Dufton (112). 

In the receipt of energy in the form of radiation the Bohnenkamp- 
surface applies only to the somewhat rare case when the body is receiv- 
ing radiation from the more or less uniformly heated walls, ceiling and 
floor of a room. Normally, radiation is received unilaterally from a 
source definitely oriented at any particular time with regard to it. The 
gain from sunlight involves the solar constant, the projected area of 
insolation, the state of the atmosphere and the altitude of the sun. 
Dorno’s figures (45) agree within reasonable limits of error with what 
might be expected from the ordinary law of absorption of radiation by a 
medium, viz., I, = I.e~™ allowing for the thickness of air to be pene- 
trated. Clearly in reckoning the gain, allowance must be made for the 
amount lost by scattered reflection as in Martin’s experiments. As 
practically all the heat waves received from the sun are of wave length 
< 2u it is plain that this difference between the races is of importance, 
and mirabile dictu that as far as this matter is concerned the white man 


3 Cf. F. Ricker, Pfliiger’s Arch., 1933, ccxxxi, 742. 
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appears to be better fitted to withstand the heat of the tropics than the 
Negro. ‘The experiments of Marsh (113) are interesting in this regard. 
He has found that albino rats are able to stand a much higher tempera- 
ture than black ones in Persia. His further observation that after 
watering, the albino rats were only able to stand a little more while the 
black ones were brought up to the level of the white is easily explainable. 
Aschkinass (114) has shown and his observations have been very fully 
confirmed recently by Dreisch (115) that in the region of the infra-red 
in which the greater part of the solar heat radiation lies, i.e., from about 
1-2 », water acts as a powerful absorber (there are four maxima in- 
cluded from 0.995-1.97 ), so that as far as these rays are concerned the 
white rat is turned into a black one by watering. Naturally the black 
rat would be able to stand more heat after watering owing to the cooling 
effect of evaporation so that the appearance may easily be that the black 
rat’s resistance to temperature is brought up to that of the white. 

To what then is the greater ability of the coloured man to withstand 
heat to be ascribed?—The observations of Meyer and Kirchoff already 
mentioned confirm earlier observations of Hill (116) pointing to melanin 
as the great absorber of solar heat. This is in the surface layers and it 
may be that by rapid heating it brings the sweat glands into play earlier. 
According to Stigler (117) the body temperatures of Negroes is the same 
as that of whites and he ascribes their superiority to more rapid recovery 
after overheating. It seems also possible that the incident radiation 
may be radiated again directly as waves of \ max = 9.44 as the result of the 
increase in skin temperature ensuing as a direct result of insolation, 
though Stigler states definitely that the pigment is not the protection. 
In any case he observes that even negroes and tropical animals avoid 
exposure to the full sun if possible. 

It seems likely however that the inferiority of the white man in 
toleration of sunlight may rest on something quite different. Bachem 
and Reed (118) find that the visible and near infra-red rays down to 1.4 u 
are strongly absorbed by the blood of the chorium and subcutaneous 
layer. The far infra-red on the other hand has very little penetrating 
power and is most strongly absorbed in the epidermis. In Negroes one 
would expect that also short wave heat radiation would be retained by 
the melanin instead of passing to the blood as in whites. Both infra- 
red and ultra-violet rays have been shown to have various chemical 
effects in the body among these the reduction of blood sugar demon- 
strated by Lucca and Reviglio (119) and the immediate reduction in 
pH of the blood of tissues underlying skin exposed to sunshine men- 
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tioned by Laurens (120) appear by no means impossible precursors of 
untoward effects. Moreover Gigon and Noverraz (121) have found an 
appreciable effect of carbohydrates on permeability to infra-red radia- 
tion while Franz (122) has shown an effect of water content of skin on 
absorption in poikilotherms which might well have been anticipated in 
view of the strong absorption bands. In the chemical laboratory Palit 
and Dhar (123) have shown an ability of sunlight to promote oxidation 
of glycogen and other carbohydrates, amino-acids and fats. All these 
observations lead one to consider very carefully the possibility that the 
solar heat rays may set up irregular chemical changes or modify regular 
ones in the organism in a way from which the Negro is protected by the 
outer coat of melanin with which he is endowed. The experiments of 
Kiistner (124) show that the infra-red rays are capable of accelerating 
certain bodily changes and this may well add fuel to the fire which is 
already too hot. The antagonizing effect of the shorter wave lengths 
observed would be ineffective below the epidermis as these would be 
filtered out, indeed Reviglio (125) has found that such antagonisms are 
present in the epidermis but not below. Per contra the results obtained 
during the last few months independently by Schear (126), Nasset (127) 
and Hodgson (128) pointing to a close positive correlation between blood 
sugar level and metabolism under most varying conditions. Thus 
strong insolation might be expected to produce reduced metabolism via 
reduced blood sugar (cf. Radsma (18) (19)). 

It is very likely that the sweat itself, poured out upon the surface of 
the body, has a protective action owing to its ability to absorb solar 
heat rays (A = 1-2 yu) as well as the more obvious one due to its high 
latent heat of evaporation. 

Incidentally it may be remarked that according to Goldhammer (129) 
water exhibits also a strong absorption band in the region \ = 9.44 yp 
so intimately connected with the natural radiation from the body. 
Hence it should be possible to obtain further confirmation of the quan- 
tity emitted on this wave length by observing with thermopiles through 
water films. 

The fourth mode of heat elimination, evaporation of water from the 
surface of the skin, constitutes the chief factor in what is commonly 
known as the physical regulation of body temperature. In this case 
approach from the physical side yields results which have apparently 
far less relation to the physiological facts than in the other cases dis- 
cussed. The physical facts themselves, indeed, are not known with any 
great exactitude although such problems have continued to fascinate 
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workers ever since Apjohn’s attempt to find a theoretical formula for 
the lowering of temperature at the wet bulb of a hygrometer. It is 
known (130) that with a certain amount of wind the evaporation per 
unit area from a flat flush surface is approximately proportional to the 
vapour pressure and to the square root of the wind velocity. It is also 
considerably affected by the area itself, the geometric form of the sur- 
face, its presentation to the wind, etc. 

Gessler emphasizes that regulation by evaporation is developed to a 
far higher degree in man than in animals owing to the frequent absence 
or partial absence of sweat glands in the latter. These however often 
have other evaporatory mechanisms such as polypnea which is com- 
mon, or even the peculiar rodent type of Stigler (22) in which a nasal 
secretion is poured out over the surface of the body where it evaporates. 

The total quantity of water normally evaporated from the body was 
investigated by Soderstrom and DuBois (131) in a historic paper, in 
which they estimated the secretion through the skin and air passages to 
average 29 gm./hr. corresponding to about 24 per cent of the total heat 
produced. Newburgh (132) has confirmed the above work but in two 
later publications in collaboration with Wiley (133) he finds this con- 
stancy less apparent. It holds between 24°-30°C. in the nude but 
increases above the latter temperature. Increase of relative humidity, 
they find, reduces both the total water elimination and the percentage 
which this forms of the whole, while clothing abolishes the effect of 
relative humidity. They now deny that the 24 per cent relation holds. 
In this Jores (134) is at one with them. He finds moreover that only 
17.4 per cent of the increment of heat production due to specific dy- 
namic action is accountable in the water vapour increment. Hence in 
experiments where this is involved there can be no linear connection 
with metabolism. Fat, humidity, and vaso-dilatation he found without 
effect, differing thus from Wiley and Newburgh and also from Houghten, 
Teague, Miller and Yant (l.c.) in regard to humidity, that is. Levine 
and Marples (135) find, by statistical investigations, a high positive cor- 
relation between the physiological mechanism of heat production and the 
insensible perspiration. Manchester (136) has shown that this con- 
nection only holds if the hydration of the body is normal, while Borra 
(13) attempts to express the amount of insensible perspiration by means 
of an empirical formula containing a constant factor and one depending 
on the sweat glands. Lazlo and Schurmeyer (137) have also found large 
deviations from the 24 per cent relation in pathological cases. 

It is remarkable that all this evidence against the truth of what was 
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beginning to be regarded as an established principle should all have accu- 
mulated within approximately the past year. It is quite plain from the 
original work of Soderstrom and DuBois as well as from that of Bene- 
dict and Root (138) whose values have been elevated to the position of 
standards, that none of these investigators had any idea of providing 
more than an average figure for general use. The number of observa- 
tions is however quite sufficient to render the question of correlation 
certain, quite apart from the ordinary physical considerations which 
should almost have sufficed for this. In Soderstrom and DuBois’ work 
the individual percentages H,O/O, for normal subjects vary from 20 to 
34 per cent, while Benedict and Root’s figures show a margin of error up 
to + 50 per cent becoming less with increasing metabolism and in- 
sensible perspiration. It is apparent that the greatest circumspection 
must be exercised in passing from observations on insensible perspiration 
to conclusions about the exact level of basal metabolism. Cf. remarks 
p. 446. The results of Kuno (139) showing the partition of insensible 
perspiration according to site on the body surface are also of interest. 

The nervous control of evaporation heat loss is much closer than that 
of other types, and the differences in heat output brought about by 
differences in the state of the water evaporating mechanism are greater 
than those brought about by differences in other factors unless it be 
forced convection. 

Houghten and his collaborators (l.c.) show with considerable clarity 
that the evaporation from the clothed body is so exactly controlled, 
presumably by nervous mechanisms, that at any one effective tempera- 
ture the sum of the heat losses by evaporation and by other paths is 
constant. (Effective temperature is a measure developed by Houghten 
and Yagloglou (140) which allows not only for physical factors but for 
the psychological factor of comfort.) How this comes about is not 
difficult to see, since if evaporation from the skin is reduced the tempera- 
ture of the skin will rise and the radiation, conduction and convection 
factors be increased, Viale (141) having shown that under these circum- 
stances the amount of moisture breathed out from the lungs is also 
reduced. 

An interesting turn is given to the general question by Kayser’s 
work already discussed (p. 437) and it is evident that it opens the door to 
a better understanding of critical temperature itself and points the way 
to an eventual fuller understanding of the approximate 24 per cent 
relation. 

It remains to add that the water required for constant evaporation 
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from the surface comes from the blood and in vaso-dilatation the in- 
creased flow serves to prevent over concentration, indeed as has been 
mentioned, the blood actually becomes diluted when the temperature of 
the surroundings is increased; so that the well known idea that a white 
man, resident in the tropics, has his blood thinned thereby is not en- 
tirely a nursery tale. One may note en passant that the concentration 
of the blood in cold weather is no doubt an adjuvant to chemical 
regulation by supplying both O, and sugar at a higher concentration. 
The matter is discussed at length by both Barbour and Gessler.‘ 

Lazlo (142) has shown that heat regulation during mechanical work 
proceeds to a much larger extent by water evaporation than is the case 
in rest (cf. Jores on specific dynamic action, p. 458), while Whitehouse 
(143) finds that the amount of sweat is dependent not only on the body 
temperature but also on the fact of the performance of work. This 
may be due to raising of the skin temperature above the limit of Borra 
by the vaso-dilatation and heat generation during work. Diathermy 
(144) also increases the amount of water evaporated presumably, for a 
like reason but not more than 20 per cent of the added heat (usually 
much less) is eliminated as water vapour. 

As in convection so in evaporation one would imagine that an in- 
crease must be induced by wind or movement of the air. Further on 
general principles it might be expected that with a low relative humidity 
the cooling would be greater, that is, the evaporation would be greater, 
than when the relative humidity is high. Houghten and Yagloglou 
(140) confirm the first of these but find that for some reason under most 
atmospheric conditions the second statement singularly enough does not 
correspond to fact, the precise reverse being observed. 

It is not easy to say how far the surface of the body is functional in 
heat loss by evaporation since form comes into the picture and evapora- 
tion from free surfaces of liquid of the form of the human body has not 
been investigated. It might be possible to do so at high (Turkish bath) 
temperatures but the experiments would otherwise present great diffi- 
culties. Almost certainly the relation of free evaporation from the body, 
when neither recumbent nor nude, to surface must be remote. On the 
other hand for a nude person moving about slowly the surface area must 
have a preponderating effect. Doubtless the only reason why any rela- 
tion to surface is noticeable at all in the ordinary way is because of the 
preponderance of the radiation-convection loss. An interesting light 


‘See also Barbour, H. G. and B. F. Aydelotte, Amer. Journ. Physiol., 1933, 
civ, 127. 
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is shed on the question by the observations of Dr. F. G. Benedict which 
he spoke of in a lecture given at Cambridge October 13, 1932. He has 
found that in the case of cold blooded animals whose heat of metabolism 
appears to be wholly voided by evaporation of moisture and which are 
moreover normally fairly torpid—the metabolism is pretty accurately 
proportional to surface area (snakes were used so this could be deter- 
mined with ease) provided the temperature is unchanged. Defenders 
of the “surface law” will regard this observation by its eminent opponent 
with some satisfaction though some vital action of the skin as imagined 
by Vasti (145) might also account for this. 

Houghten, Teague, Miller and Yant (l.c.) find that with a very low 
relative humidity (20 per cent) and an effective temperature of 27.6° 
the evaporation loss becomes equal to the total loss while at higher tem- 
peratures it exceeds it making the radiation-convection loss negative 
by cooling the surface. The extreme observation of this kind was at 
38.6° effective temperature when the evaporation loss was no less than 
285 per cent of the total. When the humidity was 95 per cent of satura- 
tion the maximum evaporation loss was found to be 74 per cent at 32° 
effective temperature. 

The possibility that relative humidity may affect not only the manner 
of heat loss but its actual amount has already been mentioned (p. 429) 
and Shaw and Messer (146) have found an increased gas exchange at 
high humidities, thus confirming the earlier findings in the same sense 
by Rubner. The work of Murschhauser and Hidding (147) however 
which is well known remains the only definite attempt to elucidate the 
matter as a problem by itself. They found that metabolism was in- 
creased by humidity in warm surroundings but decreased in cold. Their 
explanation rests on a rise of body temperature in the first case, and in 
the second on increased evaporation from the lungs. 
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RADIATION-GENETICS 


FRANK BLAIR HANSON 
Washington University, St. Louis, Mo. 


The cause, or causes, of heritable variations in organisms has been a 
fundamental biological problem since the time of Darwin. It became 
an imperative challenge with the great development of the science of 
Genetics in this country. 

Heritable variations, or mutations, are facts of nature, else there could 
have been no evolution. Modern experimental methods over a long 
period of years failed to induce or duplicate the known mutations of 
spontaneous origin. Yet work on a large scale and covering most of the 
species suitable for laboratory experimentation was not lacking. The 
literature of the failures to modify the germ plasm is too extensive for 
review here and unnecessary, except for that of one species of the fruit 
fly (Drosophila melanogaster) upon which the major part of this paper is 
based and which was the material that finally yielded the secret of arti- 
ficially produced mutations by means of x-rays in 1927 (Muller, 1927, 
1928). 

Back of Muller’s success with the x-ray lies his own work of some eight 
years of experimentation with the effect of temperature on Drosophila. 
Negative results were the reward of other workers also. Payne (1911) 
bred sixty-nine generations of flies in a dark room. At the end of this 
period the flies were tested for their reaction to light, but showed no sig- 
nificant differences from the controls. Duncan (1915) was unable to 
increase the mutation frequency by crossing races from widely separated 
localities. Morgan (1910, 1911, 1914) used ‘‘wide ranges of tempera- 
tures, salts, sugars, acids, alkalis, without resulting mutations.’’ Some 
mutations did appear (1911) after treatment with radium, but failed to 
reappear upon repetition of the experiment, also including the use of 
x-rays. Loeb and Bancroft (1911) likewise reported mutations in flies 
after radium treatment, but Morgan apparently was able to show that 
these mutant types were already present in the stock. Guyénot (1914) 
got negative results with high temperature, radium, x-rays and ultra- 
violet. Since all laboratory cultures of flies are etherized once or several 
times for purposes of handling and examination, Morgan tested the 
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theory that ether might be the cause of mutations by treating flies with a 
near lethal dose of ether. No mutants were found among the 31,168 
offspring examined. Mann (1923) treated flies with high and low 
temperature, and a number of chemicals including, arsenic, methyl 
alcohol, ethyl alcohol, quinine, morphine, copper sulphate, lead acetate, 
etc. The number of mutants in the treated flies was actually less than 
in the controls. Many experiments on temperature effects in flies per- 
formed by Northrop (1920), Plough (1917), Krafka (1920), Plough and 
Strauss (1923) were all negative. 

Nevertheless, as it became increasingly clear that gene mutations 
probably form the chief materials of organic evolution, some measure of 
control over the mutation process was essential for the solution of funda- 
mental problems. 

In 1927 Muller announced that he had obtained mutations, both 
visible and lethal, in Drosophila following treatment with x-rays. The 
next year (1928) he also announced success with the effects of tempera- 
ture, as has also Plough (1932). Thus, after many attempts by nu- 
merous investigators over a period of years, we now have two external 
agents which act on genes to produce mutations. X-rays and radium 
were used as early as 1911 to induce mutations in flies, but without 
success. For one thing, Muller succeeded where earlier workers failed 
because during the intervening years many new methods of breeding 
and the origination of specially ‘‘made-up”’ stocks had been developed to 
a high degree. Muller, himself, was responsible for many of these ad- 
vances in breeding stocks. 

Muller’s work was confirmed almost immediately by Weinstein (1928), 
and others, and extended to radium by Hanson and Stadler. Soon a 
host of workers in America and Europe were making use of the new 
methods and in the ensuing five years they have been applied to a large 
number of species, both plant and animal. 

It is not the purpose of this paper to give a complete review of Radia- 
tion-Genetics, but rather to consider in some detail special problems that 
are of considerable biological significance and that can be illustrated 
largely by work done with Drosophila flies, introducing work with other 
animal or plant materials only as they throw light on the subjects chosen 
for discussion. ‘To this end the important work of such investigators 
as Goodspeed (1932, and earlier papers), Blakeslee and his collaborators, 
Bagg and Little (1924), Whiting (1929, 1932), and many other con- 
tributors, could not be brought within the space limits of this review. 

There are approximately two hundred papers on the subject, all of 
them dating since 1927. 
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ARE “NATURAL MUTATIONS” DUE TO “NATURAL RADIATION?” Muller 
(1927) in his now famous paper before the Fifth International Congress 
on Genetics at Berlin first raised the question that heads this section. 

Since then Olson and Lewis (1928), Haldane (1929), Joly (1929), 
Babcock and Collins (1929, 1929), Hanson and Heys (1930), Broadfoot 
(1932), and others, have suggesed that possible radiations from the 
earth, or even cosmic rays may have played an important rdéle in the 
evolution of species by furnishing heritable variations for the action of 
natural selection. 

These suggestions have borne fruit in two experiments quite inde- 
pendently carried out by Babcock and Collins, and by Hanson and 
Heys, in an effort to measure any differential in the mutation rate 
between two localities showing a known difference in the amount of 
ionizing radiation present. 

Using an electroscope Babcock and Collins discovered a location in a 
street-car tunnel in San Francisco where the natural ionizing radiation 
was fully twice as great as the radiation in their laboratory in Berkeley. 
Accordingly their experiment was designed to compare the rates of occur- 
rence of sex-linked lethal mutations in Drosophila in the street-car tun- 
nel and in the laboratory. The lethal mutation rate in Berkeley was 
0.26 per cent, and in the tunnel 0.52 per cent, the difference between the 
two rates being 2.5 times the probable error. Upon a reanalysis of the 
data showing the actual experimental variation in rate in the several 
sub-groups in each of the two series it was found that the difference 
between the average rates for the two localities was increased. This 
difference was 0.275 + 0.086. 

Hanson and Heys, in accepting the implied challenge to experiment 
contained in Olson and Lewis’ paper, considered themselves suitably 
located for such an undertaking, i.e., near the Ozark caves and lead 
mines of Missouri. But a long search with the electroscope in the 
numerous caves and lead mines of this region failed to reveal a location 
with a sufficient increase of ionizing radiation over that of the laboratory, 
or the middle of a Missouri cornfield, to justify breeding experiments. 

Operations were transferred to Colorado. In the East Paradox Valley 
of Western Colorado in an abandoned carnotite mine the air was strongly 
ionized. In addition to the electroscope readings a rough attempt was 
made to compare the amount of natural ionization in this mine with 
that of 1 mgm. of radium. Radiation in the mine was found to be 0.39 
times as intense as that from 1 mgm. of radium when the rays were 
passed through a 0.156 inch lead filter. 
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Male flies were exposed in this mine for 140 hours and then returned 
to St. Louis for the breeding tests. The well known C1B method for 
detecting lethal mutations was employed. 

The frequency rate of the test cultures was 0.245 + 0.062 per cent. 
The difference between tests and controls is 0.169 + 0.081, a difference of 
2.09 times its probable error. 

These two experiments, one in California and one in Colorado, while 
falling short of being statistically significant, nevertheless are consistent 
in that both give an actually higher rate of mutation in flies exposed to 
natural radiation than in the controls. They seem to strengthen defi- 
nitely the plausibility of the suggestions quoted above to the effect 
that natural radiation may be responsible for the mutations which are the 
grist of the natural selection mill with the resulting evolution of new 
forms. 

However, Muller and Mott-Smith (1930) by ingenious mathematical 
computations have shown that the natural mutation frequency is at least 
thirteen hundred times as high as it would be if it were caused solely by 
the radiation which flies receive from their outer environment. Similar 
measurements by these two authors seem to eliminate radiations from 
the fly food and from the cells of the flies themselves as effective causes 
of the natural frequency of mutations. 

We are, accordingly, left in this anomalous situation: direct experi- 
mentation indicates that in a locality (street-car tunnel, Carnotite mine) 
where the natural ionizing radiation is approximately doubled there is 
an increase in mutation frequency, but on the basis of Muller and Mott- 
Smith’s calculations this is wholly inadequate to account for the ma- 
jority of mutations occurring in nature and therefore for organic evolu- 
tion. So most mutations must come about as a result of other causes. 
These causes are at present unknown. At the same time it remains 
true that gene mutations resulting from radium and x-rays are indis- 
tinguishable from those occurring naturally; therefore the geneticist 
can still use this method, the only one known at present, to study the 
problems of the mechanism of mutation and the physical basis 
of heredity. 

Cosmic RAYS. Great interest attaches, at the present time, to the 
so-called cosmic rays. Since as shown above there is an increasing 
proportion of mutations produced as we pass from ultra-violet through 
the x-ray part of the spectrum and on to the gamma rays, i.e., from 
longer to shorter wave lengths, it is not surprising that geneticists and 
others interested in the biological effects of radiation should speculate 
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concerning the possible biological effects of these shortest of all known 
rays—the cosmic rays. 

Joly (1929) and Joly and Dixon (1929) suggest that changes in inten- 
sity of cosmic radiations may have influenced the incidence of malignant 
disease and think that experiments at high altitudes to test the progress 
of malignancies should be tried. According to Joly there are no sure 
grounds for believing that cosmic rays are uniformly distributed in 
place or time and he makes the suggestion that the recent world-wide 
increase in cancer may be due to a decrease or low point in a cosmic ray 
cycle. Of greater interest to the geneticist is his other suggestion that 
cosmic rays may have been a factor in the production of variations in 
animals and plants by direct action on the germ plasm. Orton and 
Burfield (1931) offer the suggestion that these rays entering the earth 
from space may be a normal requirement of at least certain organisms. 

No experiments, so far as known to the writer, have been attempted 
along these lines. The technical difficulties and the expense involved, 
together with the uncertainties still existing regarding the true nature 
and source of cosmic rays, so far have deterred biologists from entering 
this field. Of course if the results of Muller and Mott-Smith reported 
above are substantially correct there is no possibility that the cosmic 
radiation could play a significant réle as a cause of mutations, since the 
ionization produced by it is considerably less than that produced over 
the land by the radiation from terrestrial sources. 

PROGRESSIVE MUTATIONS. Critics of the mutation theory of evolu- 
tion, implying that mutations are the “building blocks’ of evolution, 
point out that most mutations are deleterious in their effects and hence 
could not have been the underlying cause of progressive evolution. It 
is true not only of the x-ray mutations but also of the natural mutations 
that they are more often degressive than progressive changes. 

Muller (1927, 1930) has discussed this criticism in several of his 
papers and points out that this is one of the most vital and immediate 
questions confronting x-ray genetics, for upon the answer to it may 
depend in turn the answers to fundamental questions concerning the 
mechanism of evolution, the nature of the gene, and the means of 
bringing about artificial evolution. 

It must be admitted at the outset (Muller, 1930; Patterson and 
Muller, 1930) that there are two main facts which indicate that radia- 
tions may not be constructive in their genetic action: 1, they do often 
cause “destructive” changes, and 2, they cause breakage of chromosomes, 
accompanied by the loss of fragments or their reattachment at a differ- 
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ent point in the chromatin (Muller, 1927; Weinstein, 1928; Muller and 
Painter, 1929; Painter and Muller, 1929). 

That the above should be true is both an a priori expectation and a 
generally observed fact, for any interference with the delicate gene 
mechanism is more apt to result in an “upset” than in a progressive 
change (Muller, 1923). 

But are mutations always retrogressive changes? Are the x-ray 
or radium rays, as Altenburg has inquired, merely punching holes in the 
chromosome, i.e., causing losses of chromatin or inactivations of genes? 

The answer is in the negative. Clear-cut reverse mutations have been 
obtained in corn, Drosophila, Portulaca and elsewhere. It is evident 
(Muller, 1929) that if x-rays induce a change of a gene designated as 
large A to a mutant gene designated small a, and small a represents a 
destructive process or loss, then the opposite or reverse mutation from 
small a to large A must represent a constructive process or gain. 

A case of a spontaneous dominant mutation, the ragged character, 
in maize has been described by Brink and Senn (1931). Lindstrom 
(1925) records another dominant in maize (Teopod). Horlacher and 
Killough (1932) report a mutation in cotton, after raying, from a reces- 
sive virescent yellow to a dominant normal green chlorophyll condition. 
Karper (1932) records a dominant mutation in sorghum that has been 
appearing regularly for the past fifteen years. 

Experimental evidence now to be presented actually realizes the 
accomplishments of the fabled man who jumped into a bramble-bush 
and scratched out both his eyes, only to jump into another bush and 
scratch them in again. 

Muller (1930) gives convincing evidence that changes other than 
losses can be produced by radiation. His best cases are perhaps those 
of seven reverse mutations in which the gene for forked bristles in 
Drosophila reverted to the dominant normal bristles and a true breeding 
stock of the reversed gene was established. In this experiment ‘‘con- 
tamination” clearly was ruled out as the chance of obtaining all seven 
independent reverse mutations in the treated and none in the control 
group (as was the fact) would have been 1 in 128 if the irradiation had 
not been effective in producing these mutations. The chromosome 
carrying the gene for forked bristles also had the gene for tinged eye 
which was used as a marker to further insure against contamination. 

Muller (1930) then undertook experiments with the stock of tinged, 
non-forked flies that had been derived by reverse mutation from forked 
to determine whether this stock could be caused to mutate again to 
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forked. The results were two inheritable mutations to forked and 
two ‘‘fractionals’ in a count of 58,817 progeny of treated flies. None 
was found in 34,798 controls. In some previous experiments Muller 
had obtained three other mutations to or toward forked. This total of 
five heritable and two fractional mutations to forked in radiated material 
proves beyond question that irradiation was the cause of the mutations 
in this direction also. In these experiments then we have a complete 
cycle (forked=non-forked) produced by raying. Gene mutations at 
the locus forked, and probably elsewhere, are of the nature of a two-way 
reaction system. 

Simultaneously with the above described work of Muller, papers 
on the same subject appeared by Timofeeff-Ressovsky (1929, 1930). 
Timofeeff-Ressovsky rayed eggs and larvae of white and eosin-eyed flies 
in an effort to induce changes in eye-color in opposite directions. Two 
cases of reversion to red and one to an intermediate color were found. 
Later Timofeeff-Ressovsky irradiated adult males having various al- 
lelomorphs of white and obtained 13 reversals to the normal. In most 
of these cases it was possible by suitable breeding tests to prove that 
the change was genetic. In addition Timofeeff-Ressovsky was able 
to get at four different loci in the sex chromosome mutations in the 
opposite direction, i.e., from abnormal to normal. 

Hanson (1928) x-rayed male Drosophila having in the X-chromosome 
the gene which produced the bar eye. ‘These irradiated males (T4 and 
T8 doses) were mated to virgin double-X yellow females. These 
females are peculiar in that the two X-chromosomes are attached at the 
right hand end and go together into the same gamete, which is equiva- 
lent to 100 per cent non-disjunction. The double-X yellow females also 
carry amale Y-chromosome. In such a cross the sons get their X-chro- 
mosome from their fathers and their Y-chromosome from their mothers, 
a reversal of the usual procedure in this species. The advantage 
of this method (used also by Muller and Timofeeff-Ressovsky) is that 
mutations occurring in the X-chromosome of the treated fathers show 
up in the first generation sons, whether recessive or dominant, as they 
are not covered by normal allelomorphs in the Y-chromosome. In 
this experiment there were four cases of reversion to full eye, and these 
bred true to full eye. Two were in the T-4 treatment group and two in 
the T-8 group; a ratio of one reversion in 433 males in the T-8, one in 
1,898 in the T-4. These four reversions from bar to full eye are of 
considerable interest. Zeleny (1921) has studied the bar gene very 
extensively. He found that bar eye reverts to round eye about once in 
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1600 times; and also discovered an allelomorph of bar, which he called 
ultra-bar, the reversion rate of which is approximately the same. 
Zeleny considered the bar-eye character to be due to a gene mutation not 
different from other gene mutations in Drosophila. Upon evidence 
based on the sex-ratio Zeleny concluded that mutations to full eye 
may occur in the male germ tract as well as in the female. Sturtevant 
(1925), however, reports extensive experiments which seem to show 
that reversions at the bar locus are due, not to gene changes at all, but 
rather to unequal crossing-over between the two X-chromosomes of the 
female. Hence, according to Sturtevant, no reversion in the male is 
possible, since no crossing-over occurs in the male. 

However, that reversions to round eye are possible in the male seems 
evident by the four reversions in males secured by Hanson, and also 
that reversions in the female are possible without crossing-over is 
indicated by unpublished work of Muller who obtained two reversions 
to round eyes in females in cases where there was no crossing-over near 
the bar locus, one in control material and one in lightly x-rayed flies. 

In the tiny fourth pair of chromosomes of Drosophila there is a gene 
mutation reducing the size of the eyes. This is a recessive gene and 
could be termed a loss. Recently, however, an “‘eyeless’’ (reduced eye) 
mutation, similar in appearance to the old one, has been obtained by 
raying, but this new mutation, unlike the old “eyeless” is a dominant, 
and therefore could not be of the nature of loss, since the real loss, old 
“eyeless,”’ gives no dominant effect (Muller, 1928). 

Similarly in the case of the mutant character called ‘‘Scute,”’ in which 
the scutellar bristles are absent, return mutations to the normal condi- 
tion have been observed to occur both spontaneously and after raying. 
Muller (1929, 1930) concludes on the basis of the above findings that 
mutations arising as a result of x-raying are not always or merely de- 
structive changes and losses. If some are to be termed losses, others 
as certainly must be of the nature of gains. Or preferably, since muta- 
tions are of the nature of chemical reactions, these are neither losses nor 
gains, but rather substitutions and rearrangements of genetic materials. 
But the fact remains that ‘‘progressive”’ mutations can be produced by 
radiation and they also occur spontaneously. Hence evolution by the 
natural selection of mutations which happen to be adaptive in character 
is at least a strong probability. 

DIFFERENTIAL SUSCEPTIBILITY OF EARLY AND LATE GERM CELLS TO 
IRRADIATION. In Muller’s earliest experiments the flies hatched from 
eggs laid seven to twelve days after raying of the sperm which fertilized 
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them showed the same percentage of mutations as those hatching from 
eggs fertilized by sperm during the first six days following treatment. 

Hanson and Heys (1929) and Harris (1929) independently raised the 
question as to the ultimate duration of the effect of irradiation upon 
mature sperm and as to whether there is a differential effect of the same 
dose upon the various stages of spermatogenesis. 

Hanson and Heys (1929) rayed males and mated these males to C1B 
females, thus using a method which reveals percentage of lethal muta- 
tions. Transfers of these parents were made to new food bottles at 























TABLE 1 
BROODS 468 poten ng lage yh PER CENT MUTATIONS 
I 1-7 13.00 
II 7-14 14.20 
III 14-21 1.01 
IV 21-28 4.30 
V 28-35 0.00 
TABLE 2 
BROODS pena re ee PER CENT MUTATIONS 
| 1-4 8.6 
II 4-8 9.7 
III 8-12 7.3 
IV 12-16 ‘7 
V 16-20 0.6 
VI 20-24 0.8 
Controls 0.2 











seven day intervals for a period of thirty-five days. There were, 
therefore, five broods of young and the mutation percentage for each 
brood is given in table 1. 

These results show that for fourteen days after raying there is no 
appreciable change in the mutation rate. In the next period a sharp 
drop occurs; there is a slight rise in the fourth brood and in the fifth the 
zero point is reached. 

Harris (1929) performed essentially the same experiment with the 
exception that the interval was four days instead of seven. His table 
here given shows the same sharp decrease in mutation rate but after 


the twelfth day instead of the fourteenth as in Hanson’s experiment 
(table 2). 


























RADIATION-GENETICS 475 


The most reasonable explanation of the tables as interpreted by 
Hanson and by Harris seems to be that mature sperm present in the fly 
at the time of raying give an approximately constant rate of mutation 
for twelve to fourteen days after treatment. By the end of this period 
new sperm are matured which during the raying some two weeks pre- 
vious were in the earlier stages of spermatogenesis. ‘There is, therefore, 
a differential effect of the rays upon immature and mature male germ 
cells. This is, according to Hanson, in line with expectations if the 
mutational effects are due to a bombardment of electron bullets. In 
the head of the mature sperm the chromosomes are packed solidly in 
small compass while in the immature stages the nuclei are large and 
the chromatin material is much scattered allowing most of the electrons 
to pass through the chromatin-empty spaces of the cell. We should 
expect therefore that many more hits would be registered on the mature 
germ cells and that when these are used up the new sperm should show a 
much lower mutation rate, which is actually the case. Harris (1929) 
has suggested an alternative interpretation, namely, that immature 
germ cells in which zygote-lethal changes have been produced tend to be 
killed or to multiply much less rapidly than the genetically normal cells, 
a condition representing a kind of “germinal selection.’’ This also 
would account for the sharp drop in the mutation rate twelve to four- 
teen days after raying. 

X-RAYS AND SOMATIC MUTATIONS. Miuller’s discovery that by treat- 
ing fruit flies with x-rays the germinal materials may be altered so as 
to give mutations that breed true through hundreds of successive genera- 
tions has opened up also a number of other fruitful fields for investiga- 
tion by similar methods. 

One of these important fields, that of the physiology of development, 
has already yielded results through the work of Patterson (1928, 1929, 
1930), Timofeeff-Ressovsky (1928, 1929) and Hance (1927). At the 
time of fertilization the zygote receives from the male and female 
gametes a certain definite double set of genes or hereditary determiners. 
By means of the longitudinal splitting of the chromosomes of the ferti- 
lized egg both cells of the two-celled stage receive the same kind of 
chromosomes and therefore the same gene complex as the original cell. 
By the same token all the cells in the body have the same gene deter- 
miners as the egg. 

Now one of the most important problems in experimental embryology 
concerns the manner in which a specific gene behaves during the forma- 
tion of a structure. If by some artificial means a gene in a somatic 
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cell could be made to mutate or could be destroyed, or eliminated from 
the cell, then a study of the descendant cells might throw some light 
on the problem of development. X-rays have proven to be the means 
of accomplishing both gene mutations and chromosome derangements 
in somatic cells as well as in germ cells. 

Patterson used the sex-linked genes for eye-color in Drosophila as 
probably the most suitable materials for a study of this kind. Droso- 
phila flies have the usual compound eye found in insects which is very 
large and made up of a series of definite units called ommatidia. A 
large number of multiple allelomorphs for eye-color in this species are 
well known and changes in color in one or a group of the ommatidia can 
be detected and counted. Patterson mostly used the plan of crossing 
flies carrying the dominant genes for red eyes (wild type) with flies 
having recessive allelomorphs. 

The heterozygous offspring of such crosses were irradiated at various 
stages of development—some in the egg stages, others at timed intervals 
during larval and pupal life. Since the eye colors used are sex-linked 
all females are heterozygous, but the males having only one X-chromo- 
some are either the dominant red or one of the recessive allelomorphs. 
It is of advantage to use heterozygous females because even with the 
great acceleration of mutations due to x-rays it would not often happen 
that the two dominant genes in a homozygous fly would be caused to 
mutate simultaneously. If, however, the females are heterozygous 
then a change in the dominant gene to one of the lighter colors could 
be observed in the affected eye facets in various combinations of the 
eye-color allelomorphs. Patterson irradiated 28,821 eggs and larvae,— 
and from these there developed 11,468 flies. The 6,084 females from 
treated cultures yielded 401 flies with a total of 429 modified ommatidial 
areas, while 5,384 males gave only thirty-nine individuals with forty-one 
such areas. It is apparent that the color change was produced about 
nine times more frequently in females than in males. No eye color 
change occurred among the 11,100 control flies. 

Patterson presents evidence which seems to show that color changes 
in the males are due to gene mutations, while in the females in addition 
to a proportionate number of gene mutations there occur also chromo- 
some breakages and translocations. 

The size of the modified color areas has no relation to the length of 
treatment given, but is determined by the age at which the culture was 
rayed. When eggs or young larvae are treated, the mutant areas are 
large, but if treatment be given in mid- or late-larval stages, small areas 
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result. Treatment of the pupal stage is ineffective. This means that 
if a mutation occurs in early developmental stages the white area of the 
eye will be enlarged by cell divisions of the mutated cell. If the cell is 
in a late larval stage it will have few cell descendants and hence give 
rise to a small modified area. For example, if the mutation occurred 
in one of the first two cells of the eye rudiment, one-half of the eye will 
be white, but if the mutation is induced in one of the first four cells, 
approximately one-fourth of the eye will be white. 

These results were confirmed by the work of Timofeeff (1928, 1929), 
and are considered further in the section on the rate of mutation and 
reverse mutations. 

PHYSIOLOGICAL STATES AND THE INDUCED MUTATION RATE. Muller 
(1930), Stadler (1928) and Hanson and Heys (unpublished data) have 
investigated the influence of various internal and external factors acting 
in association with x-rays on the rate of mutations. 

Muller tested the effect of temperature in one experiment and of 
starvation in another. In the former type of experiments two batches 
of flies of identical origin were heavily irradiated, but during treatment 
one was kept at a temperature of 34°C. and the other at 8°C. Twenty- 
two of the 67 F, cultures in the cold series, or 33 per cent, showed lethal 
mutations, and 32 of the 120 F; cultures in the warm series, or 27 per 
cent, showed such mutations. This is not a significant difference. 
Since these numbers were small the experiment was repeated on a large 
scale, the results being, however, the same. Stadler also obtained 
similar negative results in experiments in which barley was subjected 
to different temperatures while being x-rayed. Muller concludes that 
there is no great rise in the mutation rate with increasing temperature 
such as occurs in the case of an ordinary chemical reaction where an 
increase of 26°C. in temperature raises the rate of chemical reaction from 
six to sixteen times. 

Muller also studied the effect of the metabolic rate on the mutation 
rate. It is known that anabolism and multiplication of oégonia and 
odcytes are more active in well-fed females than in starved ones, and 
also in impregnated females than in virgins (Hanson and Ferris, 1929). 
Muller obtained negative results when comparing the number of lethals 
in fed and starved females, and in cases of rapid and slow germ cell 
formation. But his numbers were very small and the importance of 
the problem suggested to Hanson and Heys that a repetition on a large 
scale was indicated. 

Therefore these last mentioned authors repeated the experiments 
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on starvation, rapid and slow germ-cell formation and added a third 
variable not previously studied—namely, the effect of complete ether 
anesthesia during irradiation on the number of lethal mutations pro- 
duced. ‘The effect of age is now under investigation. 

a. Irradiation after starvation. ‘There can be little doubt that tissues 
and cells differ in susceptibility and that the sensitivity of a given cell 
may change from time to time. The same intensity of radiation pro- 
duces very dissimilar effects upon different kinds of cells and upon cells 
in different phases of activity or of their life histories. As early as 1906 
Bergonié and Tribondeau concluded that sensitivity varied directly 
with reproductive capacity and inversely with the degree of differentia- 
tion of the cells. Curtis (1928) observed in Planaria that undifferen- 
tiated formative cells readily succumbed to x-rays, although the animal 
itself may continue to live for a long time. 

Cells undergoing mitotic division are considered by most authors to 
be highly susceptible to radiation, although there is a wide divergence 
of opinion as to which is the critical mitotic phase. 

Vitemberger (1928) concludes that susceptibility gradually increases 
as mitosis proceeds and then falls sharply at the telophase. Strange- 
ways and Hopwood (1926), studying the effects of x-rays upon mitotic 
divisions in vitro, considered the brief period of organization just before 
division the high point of sensitivity, while Regaud in 1923 recorded two 
maxima during the process itself, the prophase and the anaphase. 

Cytological studies and genetic experiments both give evidence 
that some particular part of a cell may be altered while the remainder 
suffers no perceptible damage. Jannson in 1927 observed profound 
modifications of the nuclei of cells after exposure such as fragmented 
and misshapen chromosomes, attachment of the division halves by 
chromatin bridges, etc. Although the continuance of development is 
impossible where injury is severe, Strangeways and Hopwood (1926) 
have found that when a cell is irradiated after the mitotic process has 
been initiated, the division continues in spite of injury. Canti and 
Donaldson (1926), also studying the effects of radiation on mitosis in 
vitro, found that even a brief exposure to the gamma rays of radium 
prevented cells which were about to divide from beginning the process. 
Unless, however, irradiation is long-continued or very intense, most cells 
suffer no visible injury but begin to divide again after a short recovery 
period, giving no evidence of permanent harm. In tissue culture work 
in which these phenomena have been observed to particular advantage, 
the temporary check in cell division is followed by a considerable in- 
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crease in the number of dividing cells (Regaud, Lacassagne and Jovin, 
1925). 

This return to activity after relatively slight exposure, and the fact 
that in tissues or cells under irradiation some part will respond more 
quickly than another, form the basis of the entire field of those genetic 
experiments in which lethal and visible mutations, translocations and 
gene rearrangement have been produced experimentally in an attempt 
to solve the problem of the causes of variability among organisms in 
nature. 

That internal conditions do affect the frequency of mutations pro- 
duced by irradiation is shown also by such observations as the higher 
rate of induction in mature sperm than in adult females and larval 
males (Muller, 1930). Hanson (1929) and Harris (1929) independently 
found that the rate of lethals from mature sperm was five or more times 
higher than from spermatogonia treated in the adult male. Muller 
(1930) found also a sex difference in the rate of mutation under identical 
conditions of treatment. It is now generally accepted that this differ- 
ential behavior of the cells under irradiation is not due to any selective 
power of the rays, since all parts of the cell and all kinds of cells have 
about the same power of absorption. Whether the cell is affected or 
what part of it is altered seems to depend upon its physiological con- 
dition at the time of irradiation and on the consequent physical and 
chemical changes. 

Cultures of wild type Drosophila, already having minimum food sup- 
ply, were subjected to overcrowding by increase in the per-culture 
population. In these cultures both the pupae and the flies hatching 
from them are very small and show obvious signs of starvation. Male 
flies collected from such cultures were completely starved after hatching 
for a period of 8 hours and then were given one hour’s exposure to 300 
milligrams of radium (gamma radiation only). The alpha and beta 
rays were excluded by means of a 0.5 mm. platinum filter which at the 
same time allows the passage of 78 per cent of the gamma radiation. 
Secondary radiation was reduced to a minimum by filtration through a 
layer of Columbia paste, 1 cm. in thickness. The flies were enclosed 
for treatment in thin gelatin capsules. Following treatment these 
starved males were mated to well-fed C1B females of the stock. 

The results obtained differ significantly in two respects from those 
observed with unstarved treated controls, namely, sterility of the parent 
and F; generations and lethal mutation rate. Mortality in the parent 
generation, based on the number which had died by the second day 
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after exposure, was high: 11.40 + 0.9586 per cent in a total of 500 P,; 
cultures, as compared with no mortality in the controls. This high 
rate of post-irradiation mortality is indicative of the severity of the 
starvation, 11.40 per cent being unable to survive the combined effects 
of inanition and irradiation. The percentages of sterility in both 
generations and the rate of lethal mutation were significantly lower than 
in the controls. As in the experiments dealing with equivalent dosages 
(Hanson and Heys, 1932) these sterility values are absolute, representing 
complete sterility. Sterility tests were carried out in the same manner 
as before. It is interesting to note that here also as in the proportional- 
ity experiments the amount of sterility occurring in the second genera- 
tion is approximately one-half that in the treated generation. 

First generation bar-eyed females of the cross C1B by wild were 
selected for treatment. Such females, having one X-chromosome 
carrying the C1B factors and one X-chromosome carrying the wild- 
type are heterozygous for the lethal character and when mated to the 
wild type give one-half the usual number of males in the F, generation. 
If a new lethal mutation were induced in the chromosome bearing the 
wild-type characteristics, the other half of the sons would inherit it 
and also fail to appear. Preliminary experiments demonstrated the 
occurrence of an induced lethal in this X-chromosome. 

These F; females were subjected to starvation in exactly the same 
way as the males previously described and exposed to the same dosage, 
300 mgm. for 1 hour. The results confirm those obtained earlier with 
wild-type males where the lethal is carried by the F; female and detected 
in the second generation. Here again, both the sterility and the muta- 
tion percentages are significantly lower than those in unstarved treated 
controls. 

Concerning the comparative effects on the two sexes, the mortality, 
sterility and mutation values are consistently less when females are 
treated, although not significantly so. Muller (1930) has found some 
indication of sex differences, the ‘‘rate of induction in mature sperm”’ 
being “‘higher than that in adult females.” 

Evidence from a number of sources shows that the cells of starved 
tissues undergo division less and less frequently as starvation continues 
and then remain in a resting condition until degenerative changes set 
in. This mitotic inactivity accompanying inanition has been observed 
particularly in work on transplantation and grafts, and also in tissue 
culture work, where normal tissue culture cells are deprived of nutritive 
fluids. Since cells initiating the division cycle occur very infrequently 
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and those in the resting phase are less susceptible to the effects of radia- 
tion, it seems logical to suppose that the marked decrease in radiation 
effectiveness observed in the starved tissues in these experiments might 
be attributed to a decrease in mitotic activity. 

b. Irradiation during complete ether anesthesia. Drosophila flies 
were here irradiated under identical conditions except that in one batch 
they were under complete ether anesthesia while in the other the flies 
were awake and active. The anesthetized flies gave a lethal mutation 
rate of 13.99 per cent for the males and 13.02 per cent for the females 
as compared with 9.74 per cent for the males and 8.48 per cent for the 
females in the non-anesthetized flies. For the males this is a difference 
of 4.52 times the probable error and for the females a difference of 6.33 
times the probable error, both clearly significant differences. The 
differences in sterility were equally significant in favor of the flies rayed 
during anesthesia. 

It is evident, then, that radiation during starvation gives a lower 
mutation rate and radiation during anesthetization a higher mutation 
rate than in the corresponding controls. As noted above, the authors 
suggested that starved tissues divide less frequently and finally come 
to a resting condition, which is the stage where radiation is least effec- 
tive. In the case of anesthesia it is conceivable that ether absorbed 
by the germ cells may act as a sensitizer in combination with radium- 
radiation and may have a catalytic action for the type of chemical 
transformation which results in the production of lethal mutations. 
Changes in protoplasmic viscosity may be brought about by irradiation 
which might have considerable influence upon the response of the cell 
to absorbed chemical substances. Haendly (1918), studying changes 
in irradiated carcinoma cells, observed marked alterations in the degree 
of hydration and of viscosity, increase or decrease in nuclear size, 
aggregation or disintegration of chromatin, etc. That sol@gel changes 
occur in the colloidal constituents of nerve cells during anesthesia is 
generally accepted. Possibly it is not running too far afield to suppose 
that similar changes in germ cells might sensitize them to radium 
radiation. 

c. Irradiation during rapid vs. slow germ cell formation. Observations 
reported from time to time by numerous investigators show that rapidly 
dividing cells are particularly susceptible to the effects of irradiation 
of various kinds (Bergonie and Tribondeau, 1906; Regaud, 1922, 1923; 
Strangeways and Hopwood, 1926; Vintemberger, 1928; Hertwig, 1911; 
Mottram, 1913; Lazarus-Barlow and Beckton, 1913; Regaud, Lacas- 
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sagne and Jovin, 1925; Stadler, 1928a, 1928b; and Contamin, 1909, 
1910). 

Hanson and Ferris (1929) have shown that the egg-laying capacity 
of mated Drosophila females is much greater than that of virgins. The 
peak of egg production comes on the fourth day after hatching and it 
may be supposed that odgonial and odécyte divisions must be going on at 
the most rapid rate just previous to the peak of egg production. Hanson 
and Heys (unpublished data) have compared the mutation rates after 
radium radiation in impregnated females in which oégonial division is 
going on at a rapid rate with the mutation rates in virgins (unmated 
until after raying) where oégonial activity is at a relatively low ebb. 
The offspring of the impregnated females showed 14.44 per cent lethal 
mutations as compared with 8.54 per cent in the virgins, a clearly sig- 
nificant difference. These results are interpreted tentatively to indi- 
cate a greater sensitivity to radiation on the part of the rapidly dividing 
germ cells of mated females as compared with diminished sensitivity 
of the sluggishly dividing germ cells in unmated females. 

NATURAL AND INDUCED MUTATION RATES. ‘The basic problems of 
evolution today relate to the nature, causation and modes of transmis- 
sion of heritable variations. Geneticists are chiefly concerned with 
rare, sudden changes in those character-determining particles called 
genes. For it is the genetic doctrine that mutations occurring in the 
genes furnish the stuff from which evolution proceeds. 

Mutations are, apparently, as universal as species are; but under 
natural conditions they occur so sporadically and at a rate so low that 
their detection and the determination of the rate at which the changes 


take place are almost, but not entirely, beyond investigation. 


In Drosophila, for example, at a time (1925) when almost 15 million 
flies had been bred from known parents and fairly carefully inspected, 
the principal gene determining eye color had been observed to mutate 
25 times. No other gene mutated so frequently. This gives a rate of 
10-* for the mutation frequency of a given gene per life cycle, if we 
allow for the fact that about one per cent of the flies are bred (Haldane, 
1932). Again Haldane states that 200,000 individuals belonging to the 
species Primula sinensis have been bred at Merton and their mutations 
have been closely observed. One visible mutation occurs in 20,000 
plants and no mutation has occurred more than once. In man, Hal- 
dane has computed that the gene for hemophilia has a mutation rate 
of 10- per life cycle. In Antirrhinum Baur (1926) reports a frequency 
of detectable mutations considerably higher than in other organisms 
examined. 
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It will be seen that the natural mutation frequency for any given gene 
is so low that the determination of the rate of change presents serious 
statistical difficulties. It is also clear that mutation frequency differs 
for the several genes in the same chromosome; it differs from chromo- 
some to chromosome in the same species and furthermore, there are 
marked differences in the rate of different species. ‘The difference in 
frequency between species is illustrated by the rates in Primula, man 
and Antirrhinum noted above; Muller and Altenburg (1919) and 
Muller (1923) in similar experiments in Drosophila obtained a ratio 


TABLE 3 


Natural mutations in the X-chromosome of Drosophila melanogaster which have 
occurred more than once, showing locus, total number of times each gene mutated 
(1925), and number of allelomorphs of each gene 
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of one mutation in 53 for the X-chromosome and one in 166 for the 
second chromosome. ‘The frequency of mutations for the genes of the 
same chromosome are well illustrated in the following table, where the 
genes of the X-chromosome of Drosophila melanogaster are represented 
(Morgan, Bridges, Sturtevant, 1925). Table 3 gives what is undoubt- 
edly the largest number of genes mutating spontaneously the greatest 
number of times each, in any chromosome in any species. Yet when 
it is considered that these numbers, even the highest (i.e., 25 for white 
and notch, 15 for vermilion, etc.) are based on a count of between 15 and 
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20 million flies, the rate is seen to be exceedingly small. And so, as 
Muller (1922, 1923) remarks, a mutation is a “windfall’’ and the ex- 
pression “mutation frequency’ a contradiction in terms. “A few 
years ago to have attempted to study the mutation rate would have 
been as absurd as to study the distribution of dollar bills on a sidewalk 
or to search for the proverbial needle in a haystack. Each mutation 
was a unique event.”’ 

Muller and Altenburg (1919) were at this early date studying the 
mutation rate in Drosophila and pointing out the importance of the 
rate of hereditary changes for an adequate understanding of evolution. 
They suggested that lethal mutations, which occur so much more 
frequently than visible changes, held the key to this problem. In these 
experiments the set-up was arranged in such a way that any sex-linked 
lethal arising in a female would kill off half of her sons, giving a 2 to 1 
sex ratio. It was only necessary then to count the number of cultures 
having this peculiar sex-ratio to determine the number of lethal muta- 
tions. In one experiment 90 females were tested and found to be free 
from lethals. Breeding these for five generations, the sex-ratios of 385 
families were determined and during this time 13 of the families gave 
the 2 to 1 sex-ratio, thus exhibiting the occurrence of a lethal gene in 
the X-chromosome. This work repeated on a larger scale gave 1,062 
families with 20 sex-linked lethal mutations or one in 53. Accepting 
this as representing the normal frequency rate of mutation in the X- 
chromosome and assuming that mutations occur with this as an average 
frequency in the other chromosomes,—then since the X’s form about 
one-fourth of the entire chromatin mass, Muller and Altenburg believe 
that one fly in every thirteen has a new lethal in some one of its chromo- 
somes. It is evident, that at this rate, without natural selection to weed 
out the unfit the race would soon become filled with lethals. Or to 
put the matter differently, each X-chromosome would have one lethal 
after 100 generations—about four years in Drosophila. The impor- 
tance of these figures is very great because they are the first based on 
accurate count of gene mutations in a chromosome, and these figures 
were found to be startlingly high. 

This immediately indicates, say Muller and Altenburg, that Droso- 
phila must have a different rate from some other species—for example, 
man. For if the X-chromosome of man mutated at this rate, the X- 
chromosomes of all the females would contain a number of lethals by 
the time she was ready to reproduce, and none of her sons would be 
viable. With a minimum number of 500 genes in the X-chromosome of 
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Drosophila and one mutation in this chromosome every four years, then 
the rate of change for each individual gene would be once in 2000 years. 
This is the accepted rate of change in radium, and the so-called mutable 
Drosophila is seen to have a spontaneous rate of change which is not 
greater. 

However, there is one class of specially mutating genes which have a 
spontaneous rate of change so rapid that at the end of a few decades 
half of the genes descended from those originally present would have 
become changed. ‘These are called “‘eversporting’’ genes, and the 
way is now open through the work of Emerson (1911), Baur (1926), 
Demerec (1926, 1927), and others, to arrive at a natural mutation fre- 


quency. But these are special cases. For the ordinary genes such as 


those of Drosophila listed in the above table, Muller (1922), and Pat- 
terson and Muller (1930), compute that at the normal rate of change 
it would take a thousand years (probably longer) before half of them 
mutated. This is a stability quite on a par with, if not higher than, 
that of radium atoms. 

As a number of investigators have pointed out, it is a matter of the 
greatest importance to be able to determine the rate of mutation, both 
under natural and under artificial conditions, and also to be able to make 
an exact comparison between the two rates (Patterson, 1929). Morgan 
(1932) says that ‘If it can be shown on a large scale that the same ratio 
for known mutations holds for x-ray and for spontaneous mutations, 
we may have found an opening for the further study of the causes of 
certain types of mutation.” 

Since by means of x-rays and radium it is possible to increase the rate 
of mutation for certain genes up to 15,000 per cent above the normal 
(Muller 1928, 1929), it is now possible for the first time to ascertain 
with something approximating accuracy the mutation frequency for 
any given gene and to make a comparison of this rate with that of other 
genes similarly treated and with that of untreated genes. A start 
already has been made and Hanson and Miller (unpublished) are 
engaged in an extensive experiment for the purpose of comparing the 
rate of change of certain sex-linked genes in normal and x-rayed flies. 

Patterson and Muller (1930) have combined results of experiments 
done in their laboratory and have shown that following heavy x-irra- 
diation the locus for white-eye in Drosophila has exhibited the highest 
rate of mutation among the several genes. The combined results 
indicate that the change from red to white arises in something like one 
in 1000 X-chromosomes. This is also the locus in Drosophila at which 
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the greatest total number of “spontaneous” mutations have been 
detected. There are also a dozen or more different mutant allelomorphs 
of spontaneous origin known at this same locus, and these appear after 
raying also. The actual mutation frequency figures for this locus as 
computed by Patterson and Muller (1930) are, for the spontaneous 
rate: in the case of white: almost one in 400,000 times, and, in the case 
of the other allelomorphs: about one in 600,000 times. The induced 
mutation frequency in round numbers was: about one in 1800 sperm 
cells for white, and about one in 23,000 sperm cells for the allelomorphs 
of white. The frequency of appearance of mutations at the white locus 
in the irradiated sperm was of the order of magnitude of 200 times the 
corresponding frequency in non-radiated material. If, however, the 
flies in all the experiments are weighted according to the dosage of 
radiation used—which is legitimate, in view of the direct proportion- 
ality between dosage and the mutation rate (Hanson and Heys, 1929) ,— 
there would have been one detectable mutation of the normal allelo- 
morph of white to one of the mutant allelomorphs of white among 
about 1,000 sperm cells treated with the heaviest of the dosages used. 
This result is to be compared with a frequency of one in about 350,000 
in the non-radiated material, an increase in the frequency of treated 
sperm cells of about 35,000 per cent. 

In the case of the locus for “‘scute’’—the radiation frequency of mu- 
tation is about 250 times that of the normal; the mutation frequency of 
one of the allelomorphs of “forked” found in the treated is over 300 
times that found in the untreated lines. Such enormous differences 
between the natural and induced rate of mutation frequency renders 
most highly probable the view that in these cases radiation was the 
causative agent of the mutation increase. 

Hanson and Heys (1928) and Oliver (1930) have shown for radium 
and x-rays, respectively, that the rate of mutation in Drosophila is 
determined by the strength of the dosage applied. ‘The rate seems to 
be directly proportional to the dosage. Muller has named this the 
“proportionality rule.’ For example when all other factors are kept 
constant, doubling the time of exposure also doubles the number of 
lethal mutations. 

In view of these results Patterson (1931) raised the question as to 
what would happen if the dosage were given in fractions at regularly 
spaced intervals, instead of continuously as a single dose. That is, 
would the summation of several spaced treatments give a cumulative 
effect on the rate of mutation, or would the rate be the same as for a 
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single treatment in which the total dosage was used? Patterson used 
both x-rays and radium and found that the rate of mutation, as meas- 
ured by the number of sex-linked lethals produced, was the same 
whether the treatment was given in one dose or in several fractional 
doses, provided the total amount of radiation under each of the two 
conditions was equal. As illustrative of Patterson’s results in the ex- 
periment with radium one group of flies was exposed continuously for 
twelve hours, while the other group was treated with twelve exposures 
of exactly one hour at regular intervals of twelve hours. The F, cul- 
tures gave for continuous and spaced treatment 10.44 per cent and 
10.40 per cent of lethals, respectively. The difference is obviously not 
significant. Serebrovsky and Dubinin (1930) report that, “It is clear 
that lengthening the time of exposure with interruption or without 
raises the per cent of mutation.’”’ They do not state whether the per- 
centages were the same or different if the two methods under which the 
dose was given, were compared. 

Harris (1929) has compared the mutation frequencies when sperm 
of different ages were irradiated. He finds the percentages of muta- 
tions almost identical whether the treated mature spermatozoa were 
of the age zero to four days, four to eight days, or sixteen to twenty 
days,—after raying—and concludes that ‘‘the mutational effect of 
x-rays upon the mature sperm probably is permanent during the life 
of the sperm.” 

However, Harris and also Hanson and Heys (1929) independently 
found that in the case of males which are continuously mated the fre- 
quency of mutation is five to ten times greater in offspring produced 
during the first twelve or fourteen days after raying, than during a sec- 
ond period of like duration. This indicates a difference in rate of 
mutation as between mature spermatozoa and germ cells in the early 
stages of spermatogenesis. 

Patterson (1929) carried out extensive experiments on induced 
mutations in somatic cells in fruit flies and has computed a gene fre- 
quency of mutation of one in about every 10,000 genes. Chromosome 
breakages also take place in somatic cells following irradiation and the 
rate of breakage is one in about every 713 X-chromosomes. 

Breakages in chromosomes are often followed by the attachment of a 
broken particle of a chromosome to one of the other chromosomes. 
This is called a translocation, and important problems are in process of 
being solved through studies, both genetic and cytologic, of these 
translocated pieces of chromosomes. Muller and Altenburg (1930) 
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have especially interested themselves in the frequency of translocations 
following x-radiation, and have found that the rate of occurrence of 
translocations may be just as high, or higher than that of gene mutations. 
This is a surprising result in view of the fact that in all previous work 
with Drosophila only two cases of natural translocations had been found 
(Bridges, 1923; Stern, 1926), while some 400 natural gene mutations 
had accumulated. Since translocations are usually accompanied by 
lethal or other detectable phenotypic effects, a large number of them 
should have been found if natural translocations were actually as 
numerous as natural gene mutations. We must conclude that this is 
not the case. How then shall we reconcile these two conflicting series 
of findings? Muller and Altenburg first point out that the natural 
cases dealt with represent the sum total of all mutations that have oc- 
curred in both sexes and at all different stages in the life cycle, while 
practically all induced gene mutations and translocations have occurred 
at one stage in one sex—the mature spermatozoa. It has already been 
pointed out that this is a particularly sensitive stage of the chromatin. 
But more important is their conclusion that there is a real difference 
between x-rays and the ‘‘natural’’ cause or causes of mutations, in 
regard to their relative effectiveness in altering the genes or causing 
breakages and reattachments of parts of chromosomes. This latter 
conclusion is strengthened by the results of Muller and Mott-Smith 
(1930), indicating that natural radioactivity is not the cause of most 
mutations in nature. 

Patterson (1932) obtained 230 cases of mutations in the X-chromo- 
some of Drosophila following treatment with x-rays. These were 
distributed among 15 genes in that chromosome, and included point 
mutations, both visible and lethals. The lethals were mostly due to 
slight deficiencies, varying in extent from cases involving a single locus 
to cases in which several adjacent loci were affected. The number of 
mutations occurring at the different loci varies greatly from single cases 
up to 53 at the locus miniature. However, if the cases at ‘‘white’’ and 
“‘white-notch” are added together, the total is 65 for this locus. It 
may be recalled, in this connection, that the locus for “‘white’’ also 
has given the largest numbers of natural mutations. The ratio of 
lethal to non-lethal mutations was approximately seven to one, again 
paralleling natural mutations. The actual rate of mutation frequency 
was not determined as this would have involved counting all the thou- 
sands of unaffected flies. 

Hanson and Heys (unpublished) treated the eggs of Drosophila with 

















RADIATION-GENETICS 489 


polonium rays. These eggs were treated two and one-half hours after 
they were laid. They were, at this age, in the blastula stage. Six 
hundred and seventy-five such eggs were exposed to the same dosage of 
polonium and from these 203 flies hatched. All were abnormal in 
one or several of their external characters. Breeding tests gave all 
perfectly normal offspring. This constitutes 100 per cent of mutations 
in somatic cells. Somatic mutations have been described above on the 
basis of the work of Patterson who used x-rays for treatment of eggs 
and larvae of different ages. 

Stubbe (1932) compared the normal gene mutation rate in Anti- 
rrhinum with the rate after exposure to Grenz-rays and x-rays. The 
average of many doses of Grenz-rays gave an average increase in the 
mutation rate of 300 per cent; x-rays increased the rate about 400 per 
cent within the voltage range from 20-70 K.V.P. A relation between 
the quality of the rays and the mutation rate occurred only in the range 
from 30-50 K.V.P. Stubbe thinks that within this range conditions of 
absorption are more favorable and hence more mutations are produced 
than by harder or softer rays. Stadler (1928, 1930, 1931), Zeleny 
(1921), and Muller (1928), have studied the effect of temperature upon 
the mutation rate, as well as Goldschmidt (1929), who induced muta- 
tions in Drosophila by heating the eggs to such a degree as to kill most 
of them. The mutations obtained among the surviving eggs were, 
unlike those obtained by raying, not occurring at random, but com- 
posed largely of two types, characterized by a dark body and an ab- 
normally veined wing. Jollos (1930) confirmed and extended the 
results of Goldschmidt, but Rokizky (1930) was able to confirm Gold- 
schmidt and Jollos only in part, while Szidorov, Ferri and Shapiro 
(1929) repeated the experiments with negative results. 

Zeleny (1921) found no difference in the mutation rate of bar-eye 
between stocks kept at 20°C. and those kept at 27°C. Stadler did not 
obtain significant differences in the rate of mutation in either dormant 
or germinating barley seed when exposed to temperatures ranging from 
10°C. to 50°C. Stadler also combined variations in temperature with 
radiation. He found that seeds imbedded in solid carbon dioxide 
(temperature of sublimation:— 80°C.) would tolerate radiation inten- 
sities about two-thirds higher than those tolerated by dormant seeds at 
ordinary temperatures. But the difference in mutation frequency 
between the two temperatures was not a significant one. Again germ-. 
inating seeds were irradiated in intermittent exposures at 30-minute 
intervals through a period of seven and one-half hours. The variation 
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in temperature range from 7°C. to 37°C. was without an appreciable 
effect on the mutation rate; neither was the mutation rate affected when 
temperatures varying from —80°C. to 38°C. were applied after irra- 
diation instead of during it. 

On the other hand, Muller (1928) has been successful in inducing 
mutations by heat in flies. His paper published in 1928 reviews work 
extending over a period of ten years along this line, with many near 
successes and many struggles to build up special stocks for attacking 
the problem as to the mutation frequency induced by means of tem- 
perature. At last, with improved breeding methods and better phys- 
ical equipment Muller obtained positive results. In his “cold series”’ 
kept at 19°C., 381 lines survived to be tested. These represented 
6,286 ‘chromosome generations,’ or 4,191 ‘‘chromosome-months.”’ 
Among these, 12 lines were found to contain a lethal mutation. Thisisa 
rate of one lethal in 524 chromosome-generations, or 0.19 per cent of 
mutation per generation for the X-chromosome. The time rate was 
1 in 349 chromosome-months, or 0.29 per cent. 

In the warm series kept at 27°C. there were 359 surviving lines which 
represented 6,462 ‘‘chromosome-generations,”’ or 4,308 chromosome 
months. The number of lethals was 31, with a mutation rate, per 
chromosome generation, of one in 208, or 0.48 per cent. The time was 
one in 139 chromosome-months, or 0.72 per cent. The difference 
between the mutation rates, per chromosome-generation, of the cold 
and warm series, was 0.29 per cent, which is 4.1 times its probable error. 
Such a difference would have only one chance of occurrence in 195 
experiments, or one in 390 if direction of changes to a specific muta- 
tion is considered. The effect may therefore be regarded as proved, 
in the sense of having that high degree of probability which passes as 
proof in much scientific work. 

These results constitute the first demonstration of the effectiveness 
for any specific agent whatever in influencing the mutations of numerous 
genes and as such set up a landmark in genetic progress. As Muller 
points out we do not know how direct the effect of temperature is in 
producing mutations but we do know that in the case of ordinary 
chemical reactions the direct effect of a rise in temperature is in the 
direction of an increased speed of the reactions, the magnitude of the 
effect being about 100 to 200 per cent for each 10 degrees Centigrade 
within the range of ordinary temperatures. The mutation rate, follow- 
ing treatment with heat, is in the same direction and the magnitude of 
effect is of the same order. These facts suggested that mutation is 
primarily of the nature of a chemical change. 
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It was the very next year (1927) that Muller first announced success 
in speeding up the mutation rate about 15,000 per cent by the use of 
x-rays. This figure is to be compared with the somewhat less than 
100 per cent increase with rising temperature. Hanson (1928) fol- 
lowed with similar results from radium rays, Weinstein (1928) and others 
obtained confirmatory results with the x-ray. Thus two external 
agents, heat and radiation, have been established at the present time as 
affecting the spontaneous mutation rate. There are undoubtedly 
other such agents. For as Muller and Mott-Smith (1930) have shown, 
natural radiation is insufficient to account for natural mutations. We 
must conclude that there are probably a number of ‘‘causes’’ of muta- 
tions in nature of which only temperature and radiation are definitely 
known. No one cause then can be said to be specific. There is a 
trigger that needs to be touched off. What we now need most to know 
is, what are the “natural triggers’ —i.e., what are the causes of hered- 
itary changes in organisms in nature. With the exception of our 
knowledge as to the feebly acting temperature and the strongly acting 
radiation, we have not much advanced from the days of Darwin who 
said of the causes of variability ‘“The subject is an obscure one; but it 
may be useful to probe our ignorance.” 

Tice (1914) discovered the mutation from full-eye to bar-eye. It 
has been reported only once. However, May (1917) demonstrated 
that the change from full to bar is reversible and obtained eleven such 
reversions, a mutation rate of about once in 1,600 times. (See section 
on ‘progressive mutations” for a discussion of the bar-eye work by 
Zeleny (1921) and Hanson (1928).) 

Stadler (1929) has made important contributions to our knowledge 
of mutation rates in barley and oats. In barley, after irradiation of 
the dormant seeds, mutations have occurred at rates exceeding 5 per 
cent, and the rate of mutation was exactly proportional to radiation 
intensity. 

The mutation rate varies from species to species and from gene to 
gene in the same chromosome. Why two genes lying next to each other 
on the chromosome should exhibit widely varying mutation frequencies 
is one of the important unsolved problems of radiation-genetics. 

However the problem as to the cause of the variation in mutation 
rates between different species seems to have been solved for certain 
species by Stadler. He found that the same dose of radiation that 
gave as many as 5 per cent mutations in barley induced few or no 
mutations in oats. Why this difference between barley and oats? 
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The species of common barley used by Stadler has seven chromosomes. 
The two common species of oats (Avena byzantia and A. sativa) have 21 
pairs of chromosomes and are considered to be polyploid species. That 
is, it may be assumed that the triple complement of 21 pairs of chromo- 
somes represents a combination of three groups of seven pairs each, 
and that these three groups are identical in at least some of their genes. 
In Triticum there are species with 7, 14 and 21 pairs of chromosomes. 
In polyploid species with duplicate genes if a mutation is induced in 
one of the two or three duplicate genes present no visible effect could 
result because the unmutated genes would produce the normal char- 
acter. This would not hold for dominant mutations but they are 
relatively infrequent in occurrence. 

In Stadler’s experiment with Avena, he rayed four species (two having 
7 chromosomes each and two 21 each) giving them a dose that in 
barley would have yielded 70 mutations. The two species of Avena 
with 7 chromosomes yielded 14 mutations, the two with 21 chro- 
mosomes, none. In the experiments with Triticum, four species were 
treated, one with 7 chromosomes, two with 14 chromosomes and one 
with 21 chromosomes. The rate in the 7-chromosome species was not 
significantly different from the high rate obtained in barley; that in the 
two 14-chromosome species was markedly lower and the 21-chromosome 
species yielded no mutations. 

The results as a whole support the view that the frequency of induced 
mutation observed in polyploid species is low or entirely absent be- 
cause of gene reduplication. While other factors may also affect the 
rate, it is clear that in the species of both Avena and Triticum the muta- 
tion rate decreases sharply with increasing chromosome number. 

In maize, Stadler (1930) counted a million and a half seeds. Seven 
out of eight of the normal genes studied mutated at least once, and one 
gene had a mutation rate of about 4 X 10-4 per generation. Stadler 
(1928) was not successful in getting significant increases or decreases 
in the cross-over frequency of the genes in maize by means of x-rays. 
There was, however, a pronounced increase in the percentage of mosaic 
endosperms following x-ray treatment. There is also a distinct differ- 
ence between dormant and germinating seeds. The latter have a 
mutation frequency of about eight times the former for the same 
dosage. On the other hand dormant seeds tolerate a dose 15 to 20 
times as great as that tolerated by germinating seeds. 

Stadler (1928, 1930, 1931) treated pollen of maize and observed 
chromosome irregularities. The frequency of the deficiencies induced 
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by irradiation of the pollen was directly proportional to dosage for the 
five chromosomes investigated. For the individual genes the fre- 
quencies of ‘‘loss’’ per 1000 r varied from 2 per cent to 6 per cent. 

About 1600 seedling mutations in barley have been recorded by 
Stadler. Dominant mutations are extremely rare and it is possible 
that no dominants have occurred; however there were four possibilities 
and these have not been genetically tested. This extreme rarity (or 
possibly even complete absence) of induced dominant mutations leads 
Stadler to speculate that possibly induced mutations are a special class 
of mutation, i.e., while a 100-fold increase in the total rate may mean 
that mutations in general are increased 100-fold, it may also mean that 
mutations of a type comprising, say, 10 per cent of the total are increased 
1000-fold. On the other hand, Stadler’s visible mutations induced by 
irradiation are identical with typical mutations of spontaneous origin. 
This is also true even to a greater extent in Drosophila, with the added 
fact that dominant mutations in the fly are not of rare occurrence 
(Muller, 1930; Van Atta, 1932, 1932a). 

Karper (1932) describes a dominant gene mutation in sorghum. 
This gene change adds about 40 per cent to the height of the plants, 
but does not increase the number of internodes. Eight inbred lines 
produced a total of 14,520 plants in the period 1927-31, and among 
them appeared 24 separate mutations for ‘‘tall.””’ The mutation ratio, 
considered on the basis of zygotes, is 1 to 604. Presuming that the 
mutation of this gene may occur as readily among the male gametes as 
among the female, the mutation ratio in the gametes is 1 to 1,209, or 
827 per million. This is about the highest rate of spontaneous muta- 
tion known in plants. As the dominant mutants lead to an increased 
productivity and are superior from the standpoint of forage and silage, 
they can be, according to Karper, definitely classified as favorable 
mutations in the biological sense. (See also section on ‘‘progressive 
mutations” in this paper for other cases of progressive changes. ) 


CONCLUSION 


Muller’s discovery of the effectiveness of radiation in producing 
mutations is a good example of the fact that the discovery of a new 
tool or a new method in science is often of greater importance than any 
one scientific observation or experimental result. For Muller has put 
in the hands of geneticists and other biologists a method for attacking 
many problems, both old and new. Already important experimental 


results have been obtained and the possibilities are as yet but scarcely 
touched. 
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THE AUTONOMIC INNERVATION OF THE GENITO-URINARY 
SYSTEM 


CHARLES M. GRUBER 
Department of Pharmacology, Jefferson Medical College, Philadelphia, Pa. 


In this review of the autonomic innervation of the genito-urinary 
system I shall adhere as closely as possible to the nomenclature used by 
Langley (17) in his excellent book. 

Although the vagus sends a few fibres to the kidneys, in the main the 
urogenital system is supplied by the thoracico-lumbar autonomic or 
sympathetic and the sacral autonomic a branch of the parasympathetic 
systems. The sympathetic nerve supply of the body arises from the 
spinal cord from the origin of the first thoracic and the 2nd, 3rd or 4th 
lumbar nerve roots—the lowest nerve varying slightly in different ani- 
mals and more widely in different species. The genito-urinary system, 
however, receives fibres only from the 4th thoracic to the 6th lumbar 
segments. These nerves possess a white ramus communicans con- 
taining pre-ganglionic fibres, which are efferent in function and before 
reaching their effector organ meet a cell-relay and form a synaptic 
junction with cells contained either in one or more of the lateral chains 
of sympathetic ganglia, or in some part or parts of the collateral 
pre-vertebral chain. In general each pre-ganglionic fibre is connected 
by means of collateral branches with several ganglionic cells in the 
sympathetic chain, but that between any connector cell in the cen- 
tral nervous system and the effector organ in the periphery one and 
only one cell station is intercalated, i.e., broadly speaking, each sympa- 
thetic ganglion is a cell station for all classes of visceral fibres which sup- 
ply a definite area. In all cases every spinal nerve after leaving the 
spinal cord receives an accretion of fibres from the lateral sympathetic 
chain of ganglia as a grey ramus containing post-ganglionic effector 
fibres and to this system belong the motor nerves for the muscles of the 
blood vessels of the whole body; in some instances inhibitory, in others 
motor nerve fibres to the entire genito-urinary system. 

Concerning the general problems of the sacral autonomic nervous 
supply investigations have shown that, physiologically speaking, the out 
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flow of efferent visceral fibres is the same as that of the bulbar system. 
It supplies, as a rule, motor control to a single system which may be 
spoken of as endodermal (2). The connector cells of this system whose 
axons form long connector fibres to the peripherally placed ganglion 
cells all lie inside the central nervous system, while the effector post- 
ganglionic fibres are extremely short, the ganglionic cell itself lying close 
against the musculature which it supplies. The sacral or pelvic nerves 
do not pass into well defined ganglia, but pass instead, as a rule, intoa 
nerve-plexus which may extend over the surface of the organ, e.g., the 
bladder and rectum. In this way it may be divided roughly into vesical 
and rectal portions. From these plexuses post-ganglionic effector fibres 
pass to supply the genito-urinary system and other organs. 

In spite of the large amount of experimental work which has been 
done on the investigation of the autonomic innervation of the genito- 
urinary system much yet remains to be learned. This may be attributed 
to two main factors. The first of these is the difficulty in getting clear 
cut results, independent of outside influences, and the second the fact 
that these influences make the experimental data thus obtained subject 
to many interpretations according to the fancies of the investigator. 

Langley (3) claims that the documents written on physiology before 
1860 are little more than formulae which had been handed down from 
generation to generation. ‘This is true to a certain degree of the work on 
the genito-urinary system. The early writers followed very distinct 
channels, yet even some of the modern writers advance theories as being 
new and original which are really old ones couched in different terms.' 
In spite of the lack of experimental research, .as early as 1559 Vesalius 
(4) described the autonomic innervation of the uterus in a quite modern 
manner. The fundus uteri, he wrote, is innervated by the sympathetic 
and the cervix uteri and lower uterine segment are innervated by the 
sacral nerves. Valentin (5) in 1839 described contraction of the urinary 
bladder and uterus upon stimulation of the upper sacral and lower lumbar 
nerve roots. 

Kipney. The kidney is supplied with nerves by way of the renal 
plexus, which arise from the semilunar ganglion through which it com- 
municates with the greater and lesser splanchnic and the vagus nerves 


1 Upon reading the literature some differences in opinions will be noted. Gas- 
kell recognizes but five lumbar vertebrae whereas Bradford believes there are 
seven. In both cases the 21st spinal nerve is the 13th dorsal, but Gaskell calls 
the 25th spinal nerve the 2nd lumbar whereas Bradford considers the 23rd as the 
2nd lumbar and the 25th as the 4th lumbar. 
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(6). It also usually receives a branch direct from the lesser splanchnic 
and the first lumbar ganglion (7), and according to Pawlinko (8), the 
splanchnic minimums, a small branch which is seldom found, runs from 
the last sympathetic ganglion to the renal plexus. The splanchnic major 
in turn is formed mainly by fibres from the 6th to the 12th dorsal nerves, 
although some fibres are found as high as the 4th dorsal and some as low 
as the 3rd and 4th lumbar nerves (9). 

That the splanchnic major supplies only a fraction of the sympathetic 
nerve supply to the kidney has been demonstrated clearly by Hirt (10). 
He believes, anatomically the nerves of the kidney can be collected into 
four groups, splanchnic major, splanchnic minor, lower abdominal 
sympathetic and the vagus. If the vagus is omitted, physiologically 
they can be collected into two groups, the splanchnic major and lower 
abdominal sympathetics, which are antagonists. According to Hirt, the 
splanchnic major originates from eleven thoracic ganglia and goes to the 
splanchnic ganglion where it gives off a branch to the coeliac ganglion 
and one to the kidney. The splanchnic minor, originating from the 
13th thoracic to the 2nd lumbar segment he divided into four separate 
nerve trunks of which the upper branch is intimately bound up with the 
splanchnic major trunk and the lower with the lower abdominal sympa- 
thetic. The middle two branches of this nerve pass directly to the 
kidney without terminating in ganglia. These he believes are direct 
spinal fibres to the kidney and are probably sensory in type. The ab- 
dominal sympathetic he states originates from the 2nd and 3rd lumbar 
segments. These leave the spinal cord in the anterior roots and are 
interrupted for the first time in the formation of a plexus. They then 
combine with the aortic plexus and by further anastomosis part of the 
fibers pass to the renal ganglion and from here post-ganglionic fibres pass 
to the kidney. 

Hirt (64) believes the difference in opinions on the vagal innervation 
of the kidney can be explained upon anatomical grounds. In the cat he 
found that only the posterior right vagus passes to the coeliac plexus 
whereas the left innervates the stomach. The same is true in the rabbit. 
In the dog there are multiple anastomoses of both vagi even though only 
the posterior right branch passes to the coeliac ganglion. In man he 
finds the anastomosis of the two vagi too rich to speak of them as sepa- 
rate nerves, although again the posterior branch of the right vagus ap- 
pears always to pass to the coeliac ganglion. The assumption that the 


two vagus nerves innervate the kidneys homolaterally is apparently 
incorrect. 
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A combination of fibres from these main nerves makes up the renal 
nerve trunk. Many of these nerve fibres anastomose and form what is 
called the renal plexus with its ganglia. That there is still much disagree- 
ment between investigators on the anatomical findings and the question 
of presence of ganglia can be seen from the fact that according to Pap- 
penheim (11), Hoebler (12), Hrynstschak (13), and Schilf (14), no 
ganglia exist in either the kidney pelvis or in the kidney parenchyma. 
While, on the other hand, with equally good technique, ganglia have been 
described in the kidney pelvis by Maier (15), Stéhr (16), and Hirt (10). 
Hoebler (12) agrees that ganglia may be found in the kidney pelvis 
in young individuals but he has been unable to show them in the edult 
human kidney. The fibres of the renal plexus are arranged in a network 
about the vessels of the renal pedicle. These fibres enter the kidney 
with the renal vessels and follow them to their finest ramifications, 
small fibrils being found in the smallest afferent and efferent vessels even 
on the capillaries. Nerve fibrils have been described on and between 
the cells of the tubules and the capsule. The nerve fibres of the paren- 
chyma of the kidney are usually non-medullated while in the pelvis and 
calyxes they are frequently medullated. 

Pappenheim (11) was the first to describe the presence of nerve fibres 
in the parenchyma of the kidney and he was able to trace them as far 
as to the arteries of a caliber of 0.03 mm. diameter. He was unable to 
demonstrate ganglia in this area. Kolliker (17) could follow similar 
nerve fibres to the finest capillaries and he found nerve fibres forming 
plexuses innervating the vascular musculature and terminating on the 
glomerulus. His findings were confirmed by Retzius (18). This work 
was repeated and extended by Smirnow (19) who traced nerve fibres into 
the smallest capillaries, the vasa afferentia and vasa efferentia. In all 
of these he believed the smooth muscles were supplied with motor nerves. 
Some branches of these nerve fibres reached the tubules forming plexuses 
around them. The fibres from these plexuses ended partially on the 
membrana propria and partially entering the epithelium and ending 
between the epithelial cells. He not only noted many fine nerve fibrils in 
the glomerular vessels, but also in the glomerular membrane. Sensory 
end organs were observed in the kidney hilus and capsule and he con- 
cluded that the kidney parenchyma is innervated by secretory as well 
as sensory nerve fibres. His work was repeated by Disse (20) working 
on the kidneys of mice. He demonstrated the presence of these plexuses 
in the kidney but he was unable to decide whether the nerve fibre ended 
in the epithelium of the tubules or on the membrana propria. Similar 
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findings were recorded by Hirt (10) and by Kaufman and Gottlieb (21) 
who saw an extensive non-medullated innervation of the parenchyma of 
the kidney in addition to the purely vascular nerve supply. In all in- 
stances the nerve fibres apparently end as bare nerve endings since no 
one has described special end organs for them. 

Vagus nerve. From the large amounts of accumulated evidence there 
can be little doubt that the vagus innervates the kidney (22, 23, 10). 
The function of the vagus nerve, however, still remains a mystery. The 
published results are extremely conflicting. ‘Some workers believe they 
have been able to demonstrate vasomotor fibres in these nerve trunks 
(24, 25, 26, 27, 28, 29), while others, equally competent investigators, 
have been unable to demonstrate this function in the nerve (9, 30, 31, 
32, 33, 34). In addition to this vasomotor phenomenon some investi- 
gators have attributed to the vagus secretory nerve fibres similar to 
those of the chorda tympani for salivary secretion, while still others 
attribute to it an inhibitory secretory factor. 

According to Thompson (35), Walti (36) Lazzaro and Pitini (37), and 
others, atropine inhibits the secretion of urine and acts directly upon the 
secretory nerve fibres contained in the vagus. This view was immedi- 
ately opposed by Eichelberg (38), Loewi (39), and Cow (40) who pointed 
out that the action of this alkaloid on the kidney is not so characteristic 
as on other true glands. 

Splanchnic nerve (sympathetic). Bernard (41) observed a diuresis in 
a kidney of which the greater splanchnic nerve had been severed. His 
findings have been confirmed by Eckhardt (31), Knoll (42), Klecki (43), 
Vogt (44), Grek (45), Rhode and Ellinger (46), Jungmann and Meyer 
(47), Gubergritz (48), and others. Cyon and Benzol and Benson 
demonstrated an accompanying increased blood flow through the kidney 
following severing of the splanchnic nerve and it is now a well known 
fact that if the peripheral end of the cut splanchnic nerve is stimulated 
the volume of the kidney quickly diminishes. This was first established 
by Cohnheim and Roy (49) and later confirmed by Burton-Opitz (34), 
Bayliss and Fee (50), Renner (51), Schilf (14), Stoéhr (16), Langley and 
Dickinson (512), and Milliken and Karr (52). Burton-Opitz (84) also 
noted, following such excitations, vaso-constriction of the opposite 
kidney. ‘This phenomenon always occurred after a long latent period 
which the author later proved to be due to the liberation of epinephrine 
from the suprarenal gland and not to a crossed innervation of the kidney 
by the splanchnic nerve as other investigators were led to believe. In 
this manner he was able to confirm and establish more firmly his view of 
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homolateral innervation of the kidney by the splanchnic nerves. His 
observations have been confirmed by Tournade and Hermann (53). 
Langley and Dickinson noted few if any splanchnic vaso-constriction 
fibres ending in the solar plexus. They obtained evidence that these 
fibres for the kidney end in the renal plexus. 

A difference in response of the kidney upon varying the rate of stimu- 
lation of the splanchnic nerve was observed by Bradford (9). When the 
rate of interruption was 50 times per second, and certainly not less than 
5 times per second, the vaso-constrictor fibres were excited since such 
excitation was always followed by a decrease in the volume of the kidney 
and a simultaneous decrease in the secretion of urine. If, however, the 
rate of stimulation was 1 per second or 1 per 2 seconds, then the volume 
of the kidney increased and an increase in the secretion of urine was 
recorded. These observations have been confirmed by Bied] (54), Block 
(55), and Milliken and Karr (52). It appears therefore that the sympa- 
thetic carries not only vaso-constrictor fibres to the kidney but also vaso- 
dilator fibres as well, and the sympathetic system may be considered as 
being a mixture of nerves (510) containing both motor and inhibitory 
fibres running in the same nerve trunk. In the light of recent findings 
this is not unusual and many authorities believe that the tonus of the 
vessels in the organ at the time of stimulation determines the response 
which will be obtained. 

Bunch (56) describes two effects upon the intestine on splanchnic 
stimulation. If we assume that epinephrine produces the same changes 
as sympathetic stimulation (57) then the work of Cannon and Lyman 
(58) and others is of significance here. A fall ora rise in the blood pres- 
sure following the injection of epinephrine was obtained by them. This 
was dependent upon the amount of epinephrine injected and the original 
control height of the blood pressure. When the blood pressure was low 
even a small dose of epinephrine would cause a rise whereas if the blood 
pressure was high the same dose would cause a fall. Working upon the 
intestine, Spadolini (59) was able to cause contraction or relaxation of the 
gut upon stimulating the splanchnic nerve by varying the rates and the 
strengths of excitation, weak currents causing inhibition, strong currents 
causing contraction. Gruber (60) was able to produce either vaso-dila- 
tation or vaso-constriction with epinephrine in skeletal muscle vessels in 
which the tone of the vessel wall had been changed by cutting the nerve 
and his findings have been supported by Dale and Richards’ (61) work 
on the capillaries in the same organ. Kolm and Pick (62) demonstrated 
the reversal of the action of epinephrine on the heart. Thomas and 
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Wheelon (63) were able to observe either relaxation or contraction of the 
antrum pylorus and duodenum and Carlson independently found simi- 
lar effects on the same organs following the injection of epinephrine. 
In addition Carlson, Boyd and Pearcy (65), and Carlson and Litt (66) 
state that the splanchnics carry both motor and inhibitory fibres to the 
cardia of the cat and the resulting action at the time of stimulation is 
dependent upon the tonic state of the organ. M’Crea and M’Swiney 
and Brown and his co-workers noted similar changes (67) and Sharpy- 
Schafer (68) states that the sympathetics carry both inhibitory and mo- 
tor nerve impulses. 

Assuming therefore that there are two kinds of nerve impulses in the 
splanchnic trunk and the action is determined by the state of tone of the 
vessels, it is possible to explain all the changes on the kidney recorded in 
the literature. Schwartz (69) observed constriction of the kidney fol- 
lowing cutting of the splanchnic while all other investigators noted an 
increase in volume. 

Do the autonomic nerves contain secretory fibres for the kidneys? Since 
those who maintain the presence of such nerves have never proved satis- 
factorily that the increased secretion recorded could not be produced by 
the vaso-motor changes upon cutting the nerves only, this question can 
be answered in the negative more easily than in the affirmative. How- 
ever, in justice to those who believe that the kidneys are supplied with 
secretory nerves it is only fair to present briefly their arguments. 

Barcroft and Brodie (70) studied the gaseous metabolism of the kidney 
in dogs under normal conditions and during diuresis. They found the 
onset of diuresis not necessarily accompanied by an increase in the rate 
of flow of blood through the kidney and even when an increase was pres- 
ent it was never in proportion to the acceleration of the urine flow. 
Asher and his co-workers (71) are the strongest proponents for the 
theory of direct secretory nerve supply to the kidney. They believe 
the urine is normally diminished by the impulses over splanchnic nerves 
and increased by those of the vagus nerves. The increase in urine flow 
following the cutting of the splanchnic nerve they attribute to the loss 
of this inhibitory action and Asher (71) and Pearce (33) attempted to 
show that the vagus contained specific secretory nerve fibres to the 
kidney similar to the secretory nerve fibres in the chorda tympani to the 
submaxillary gland. They admit that the splanchnic nerve contains 
vaso-motor nerve fibres but they believe that it contains in addition to 
these inhibitory secretory nerve fibres. Stdhr (16) from his experiments 
concluded that there can be no doubt but that the entire vascular system 
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as well as the secretory system of the kidney is under the influence of 
nerve impulses. In dogs and cats Pearce (33) noted increased secretion 
of urine upon stimulation of the peripheral cut end of the vagus nerve 
without vaso-dilatation and naturally concluded that the vagus carries 
secretory nerves to the kidney. He, however, later openly denied these 
findings (72). Secretory nerve fibres in the vagus to the kidney were 
also claimed by Mauerhofer (73) and others but denied by Masius (28), 
Arthaud and Butte (24), and Schneider and Spiro (27). They obtained 
reduced secretion of urine by stimulation of the vagus, but they did not 
take into consideration the effect of changes in blood pressure thus pro- 
duced on the kidney. 

That ammonia may be formed in the kidney was demonstrated by 
Benedict and Nash (74) and confirmed later by Holmes and Patey 
(75). These findings gave greater impetus to research on secretory 
nerve fibres to kidneys than ever before. Immediately Ellinger (76) 
brought forth evidence supporting his view that the vagus and splanch- 
nic nerves affect water excretion in the same way, but that of the solid 
constituents of the urine in the opposite way. Thus Ellinger and Hirt 
(77) divided the nerves to the kidney functionally into two classes: 
1, those regulating the quantity, and 2, those regulating the composition 
of the urine. The lower splanchnic and the vagus nerves regulate the 
quantity; thus when the lesser splanchnic nerves are divided there is an 
increased excretion of water and salt, while the other constituents are 
only diluted. This change they believe results from increased blood 
flow through the kidney, so that what is practically glomerular filtrate 
appears in the ureters. Impulses accelerating diuresis they believe pass 
down the vagi. They also believe that certain nerves control the com- 
position of urine without affecting the quantity, i.e., the greater splanch- 
nic nerves carry impulses to the kidney causing increased synthesis of 
ammonia and increased excretion of uric acid and phosphates. Whereas 
the lower sympathetic fibres (Nervi renalis inferior) have the opposite 
effect, i.e., without influencing the excretion of water they inhibit the 
formation of ammonia and the excretion of uric acid and phosphates. 
The changes in the urine reported by Ellinger and Hirt (77) are, however, 
too insignificant and require critical confirmation before much impor- 
tance can be placed upon them in proving secretory nerve fibres to the 
kidneys. 

Hara (78) studied the secretion of urine in denervated and normal kid- 
neys in adog with two bladder fistulae. ‘The acidity, freezing point, total 
urea and chlorideexcretion remained different in the two kidneys for weeks 
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and the concentration was less on the denervated side. ‘This difference 
was greater on a meat than on a milk diet. The total amount of solids 
excreted in the denervated kidney was greater. The excretion of 
dye was slower on the denervated than on the normal side, reaching 
its maximum later and ceasing later. He believed his research demon- 
strated the presence of secretory nerves. He, however, took no cog- 
nizance of the fact that the ureter of the denervated kidney was twice 
the diameter of the normal, indicating in all probability some obstruc- 
tion to the free flow of urine at the site of the uretero-vesical junction. 
The findings of Hara (78) have been confirmed by Kichikawa (79). He 
argues that the implantation of the kidney in some other region does not 
disprove the presence of secretory fibres in the organ and cites other 
experiments in other organs in which the sympathetic and parasympa- 
thetic nerves were cut and behaved in a normal manner. He admits 
however that the changes in secretion he recorded could be due to 
changes in circulation but prefers to explain them on the basis of the 
nerve impulse acting on the permeability of the kidney cells. These 
findings of Hara and Kichikawa are not in accord with those of Milliken 
and Karr (52) who noticed the dye appearing in the urine of the dener- 
vated kidney in } to 14 minutes as compared to the normal in 3 to 4 
minutes. They also find the denervated kidney just as efficient as the 
normal kidney in the removal of salts. Other investigators (44, 69) have 
presented similar data. However Grek (45) presented data showing 
that section of the splanchnic caused not only diuresis on that side but 
also increased secretion of sodium chloride when sodium chloride solu- 
tion was administered in place of water. 

Another interpretation based upon identically the same experimental 
results is presented by Kusakari (80). Upon cutting the vagi in some 
dogs and the splanchnics to the kidney in others he arrived at the con- 
clusion that the vagi are without effect but the splanchnics promote re- 
absorption of fluid in the tubules. As far as can be determined this is 
only another interpretation of results that can be explained more easily 
in a number of other ways, especially by changes in the circulation of 
blood through the organ thus affected. 

The effect of denervation of the kidney on the histology of the kidney 
itself gives no clue as to whether secretory nerve impulses are trans- 
mitted to this organ through the autonomic nervous system and in the 
narrow scope of this review the author can only refer the reader to some 
of the investigations on this subject (81 to 92 inclusive). 

To demonstrate that the autonomic nervous system does not carry 
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secretory fibres to the kidney proper the experiments on the transplan- 
tation of kidneys may be cited briefly. In these the kidneys were excised 
and transposed to another region of the body thus cutting not only all 
the secretory nerve fibres, if such are present, but also all the vasomotor 
fibres. Carrel and Guthrie (93) were the first to demonstrate that an 
animal will survive such an operation for some time. Lobenhoffer (81) 
studied in a detailed way the function of the kidney after transposition. 
He severed the renal pedicle and transposed the kidney to the splenic 
vessels. As far as he could determine a transposed kidney was able to 
meet the ordinary demands of life. These results have been repeated 
and confirmed many times. Zaaijer (94) reports a dog living 6 years 
after its single kidney had been transposed to the iliac vessels, thereby 
removing it from any normal nerve supply. His findings have been 
confirmed by a large number of investigators (83, 91, 95, 96 to 99, etc.). 
Koennecke (83) concluded from his experiments on dogs that a kidney 
deprived of its efferent nerves produces a urine which appears normal 
in composition but is deficient in saline content and amount as compared 
with the urine from the other kidney. He assumes that a kidney de- 
prived of its nerves, and acting purely automatically suffices to maintain 
life under every day conditions but fails when greater demands are made 
upon it. Thus he states, ‘‘when the composition of the body fluids de- 
mands a rapid restoration of physiologic values, by increased diuresis 
and elimination of salts, a kidney that has been cut off from nervous 
communication with the rest of the body cannot adapt itself to the 
increased demands.’”’ Boeminghaus (91) refutes these statements. 
Marshall and Kolls (100) have been most painstaking in their investi- 
gation and conclude that the burden of proof still rests with those who 
would assign a specific secretory inhibitory action to the splanchnic nerve 
aside from the changes which it causes by being the chief vasomotor 
nerve to the kidney. Yagi and Kuroda (101) showed that when the 
quantity of the secreted urine is altered by artificially regulating the 
blood supply of the kidney the total amount of constitutents varies ac- 
cordingly. Yoshimura (102) came to the same conclusion. He sec- 
tioned the renal nerve on one side and found the secretion of urine three 
times as much on the impaired side when compared with that of the 
intact side. The total amount and the percent of sodium chloride was 
considerably increased but when the quantity of urine was made equal 
by applying pressure to the renal artery of the impaired side, the constit- 
uents became equal, i.e., the total amount and percent of sodium chlo- 
ride excreted in the urine was the same in the two kidneys. Further- 
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more, the findings of Marshall and Crane (103), White and Martin (104), 
Yoshimura (102), Cushny (6), Bayliss and Fee (50), Biedl (54), Howell 
(105), and many other support the view that secretory fibres to the kid- 
neys for the secretion of urine do not exist and the marked effects ob- 
tained in the majority of purely physiological experiments are all explic- 
able by the changes produced in the blood flow through the kidneys. 

It is a well known fact that the formation of urine can be influenced by 
reflexes (51, 52, 83, 106-112, and others). These reflexes made known 
by either oliguria or anuria can be better and more readily explained on 
the basis of angio-spasm than upon the theory of inhibition of the secre- 
tory mechanism and present further evidence that the secretion of urine 
by the kidney is in all probablity dependent upon its vasomotor control 
rather than specific secretory nerves. 

Drugs. To disprove or prove that an organ may be innervated with 
sympathetic or parasympathetic nerve fibres the actions of certain drugs 
upon these organs are frequently employed The drugs commonly 
considered as specific sympathico-mimetic are epinephrine and ergotoxin 
(1, 57, 113, 114), and those possessing parasympathico-mimetic actions 
are pilocarpine, acetyl-choline, and atropine. Although we realized that 
these are not infallible and there is considerable debate as to whether 
or not they act specifically, nevertheless they serve this purpose in the 
majority of cases. When epinephrine is administered in small doses 
increased secretion of urine is noted (115, 116, 117). Jonescu (118) 
has never observed a primary vaso-dilatation of the kidney vessels in 
rabbits and believes these vessels are more sensitive to epinephrine than 
other vessels. Ogawa (117) records very. definite changes in the kidney 
vessels from epinephrine administration dependent upon the dose and 
the tone of the blood vessels in the kidney at the time of the injection. 
Small doses cause vaso-dilatation whereas large doses cause a decrease 
in the volume of the kidney. This dilatation he believes is a primary ef- 
fect of epinephrine and the more dilute the solution the more quickly it 
occurs. He concludes that not only the vaso-constriction but also the 
vaso-dilatation of the kidney vessels is a direct action of epinephrine and 
the kidney vessels possess not only vaso-constrictor nerve endings but also 
vaso-dilator ones, and epinephrine acts upon the receptive substance in 
the end apparatus. Marshall and Davis (119) and Marshall and Kolls 
(100) observed polyuria following unilateral adrenalectomy in dogs. 
The diuresis occurred in the kidney that was on the same side from which 
the adrenal gland had been removed. These results are apparently 
the same as those of Ellinger and Rhode (46) after complete denervation. 
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According to Hirt (10, 64) this surgical procedure removed not only the 
adrenal gland but also most of the renal nerves on that side and conse- 
quently the results cannot be attributed to lack of adrenal secretion. 

Kusakari (120) advanced the theory that epinephrine increases tubular 
reabsorption as well as decreasing the excretion by vaso-constriction of 
the glomerular vessels. Arnstein and Redlich (121) believe that the 
changes in the circulation in the kidney are not sufficient to account for 
the decreased excretion of urine following epinephrine and ergotoxin 
injection and therefore conclude that the anuria is due to a physico- 
chemical change in the cells plus the vasomotor change. 

Another theory advanced by Biberfeld (116) is that epinephrine pro- 
duces a hyperglycemia and a resultant glycosuria and the diuresis is due 
to this excess of sugar. A number of men have advanced the theory 
that renal diabetes is due to the vegetative nervous system in the kidney. 
Here again the reader is referred to some of the papers from the volu- 
minous literature on the subject which can not be presented here (122-131). 
Kokkalis (132) noted that morphine caused glycosuria more readily in 
dogs with the kidneys innervated than in those with denervated kidneys 
and this difference he believed was due to the absence or presence of the 
vegetative nervous system in the kidney. He previously attributed this 
to a hyperfunction of this system. Teshendorf (133), Grunke (134), and 
Hetényi and Pogdny (135) noted inhibition of phlorhizin diabetes after 
the injection of ergotoxin which paralyzes the motor sympatheties to the 
kidney. ‘This is in harmony with the findings of Kemper (136) who 
produced an increased glycosuria by the injection of epinephrine. 
Hetényi and Patai (137) were unable to support Kemper’s findings in 
human subjects. 

The influence of the vegetative nervous system upon renal glycosuria 
was also studied by Goldberg (138). From her results she concluded 
that since phlorhizin glycosuria is due to renal disturbance and since 
ergotoxine and atropine are negative sympathetics and vago-tropic sub- 
stances and inhibit the action of phlorhizin glycosuria, renal glycosuria 
from analogy therefore must be of a vegetative nervous system origin. 

Diinner (139), Bertram (140), and Diinner and Mecklenburg (141) 
believe the parasympathetic nervous system responsible for this dis- 
turbance since it can be inhibited by atropine. Nakazawa (26) care- 
fully studied the action of atropine and pilocarpine upon the kidney in 
situ in rabbits, but perfused with Ringer’s solution, its nerves being in- 
tact with the central nervous system. In such animals small doses of 
pilocarpine hydrochloride injected intravenously had no influence either 
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upon the urinary secretion or upon the volume of the organ. If large 
doses were rapidly injected intravenously they produced a sudden de- 
crease in volume and a simultaneous decrease in the secretion of urine. 
Thus, pilocarpine, when quickly injected, produced a transitory and 
prompt constriction of the renal vessels, with rapid recovery. The 
constriction, however, is of central origin since the drug could not reach 
the organ. When pilocarpine was injected into the perfusion fluid he 
observed not a constriction but a dilatation of the vessels in the kidney. 
He carefully determined whether the action of pilocarpine was due to 
paralysis of the muscular coat of the blood vessels, paralysis of the vaso- 
constrictor end apparatus or due to stimulation of the vaso-dilator end 
apparatus. Since epinephrine is still active after the administration of 
pilocarpine he infers that the action of pilocarpine is upon the vagal nerve 
endings in the kidney, which inference is supported by the observations 
of Ozaki (142) and Zamaguchi (143) who found the vaso-dilator action 
of cholin antagonized by atropine. However, actual experimentation 
showed Nakazawa that atropine has no influence upon the vaso-dilator 
action of pilocarpine and that the point of action of pilocarpine was 
upon the vaso-dilator end apparatus and not upon the vagus. This 
action of pilocarpine is not lost by degeneration of the vagal nerve end- 
ings in the kidney. Atropine alone has no effect upon the blood vessels 
or urinary secretion of the kidney. If, however, epinephrine is in- 
jected before the injection of atropine, then atropine is capable of causing 
vaso-dilatation in the organ and indeed it may depress the vaso-constric- 
tor mechanism sufficiently to make the epinephrine almost inactive. 
These findings are supported by those of Nishimaru (144) who states 
that the vaso-constrictor nerve of the lung is excited by epinephrine and 
paralyzed by atropine. Epinephrine however, always caused decreased 
volume of the kidney even after atropine administration. The observa- 
tions of Kusakari and Takeda (120) confirm these results. They also 
observed pilocarpine to produce dilatation of the kidney vessels but both 
atropine and epinephrine decreased the secretion in the toad kidney. 
This decrease they attributed to increased tubule reabsorption and vaso- 
constrictor action of these drugs on the glomerulus. Hamet (145) stud- 
ied the action of acetyl-choline on kidney function and noted vaso-dila- 
tation with increased excretion of urine. 

To summarize briefly, then, the kidneys are innervated by parasympa- 
thetic and sympathetic nerve fibres. The function of the parasympathe- 
tic fibres has not been proved satisfactorily, either by physiological or by 
pharmacological investigations. The sympathetic system sends both 
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vaso-dilator and vaso-constrictor nerve fibres to the kidney. Vasomotor 
changes induced by the action of these fibres suffice to explain the secre- 
tion of urine without the assumption of specific secretory nerve fibres 
being present. 

MUSCULUS SPIRALIS PAPILLAE. Only a few investigations have been 
made on the spiral muscle of the papilla (146). No one has undertaken 
to investigate its autonomic innervation. A few experiments have been 
performed showing that, in all probability, these smooth muscles are 
innervated autonomically. Epinephrine when applied to the bath 
increases the contractile force, the rate of contractions and the general 
tone of the muscle, whereas pilocarpine slows the contractions. Neither 
atropine nor ergotoxine were tested. It appears therefore that these 
smooth muscles may be innervated by para-sympathetic as well as by 
sympathetic nerve fibres. 

KIDNEY CAPSULE. As far as can be determined with any degree of 
accuracy, the kidney capsule is innervated by efferent vasomotor fibres 
from the sympathetic system (147-156, etc.). Smirnow (19) studied the 
innervation very carefully and in addition to these fibres he noted end- 
organs in the capsule and considered these a part of an afferent system of 
fibres. Stéhr (154) differentiated between nerves innervating blood 
vessels and nerves innervating the capsule which he called ‘Nervi 
proprii.”” Lehmann (155) studied the innervation of the kidney with 
special reference to the capsule nerves and what effect their loss has 
after decapsulation. He employed human, monkey, rat, and guinea- 
pig kidneys, and observed, contrary to other investigators, the fact that 
both the dorsal and ventral vagus branches pass to the solar ganglia 
which in his case was a fusion of the coeliac and superior mesenteric 
ganglia. ll fibres from the splanchnic major also reached this complex. 
From here the fibres followed the arteria renalis and reached the kidney 
hilus where again a ganglion was noted (the renal ganglion) which was 
anastomosed by nerve fibres to the sympathetic aortic plexus. Also 
fibres from the splanchnic minor made up the renal nerve. At the kid- 
ney hilus the nerve splits up, some fibres pass with the blood vessels into 
the kidney proper, some go to the ureter and kidney pelvis, and others 
to the kidney capsule. In the capsule the nerve fibrils run parallel with 
the blood vessels and nerve bundles were observed in the capsule proper. 
Complete denervation of the kidney can be accomplished only by cutting 
the nerves to the capsule and the kidney proper. 

Using a silver impregnation method of staining, Fisher (156) studied 
the nerve supply of the kidney. In addition to this he performed 
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physiological experiments upon dogs. He freed the renal capsule from 
the kidney leaving only that portion near the kidney hilus intact. In 
dogs, electric and mechanical excitation of this freed capsule of the kid- 
ney caused a gradual decrease in the volume of the kidney without 
affecting the blood pressure. He therefore reasoned that the nervi 
proprii of the kidney capsule were not connected with blood vessels, 
that they were not motor to smooth muscles in the capsule, but that they 
carry sensory afferent ‘sympathetic’ nerve fibres which involve reflexly 
the vasomotor centre. Other investigators (157, 158, 159) have main- 
tained sensory nerve fibres in the kidney capsule. 

However, we do not believe these nerve fibres to be of the sympathetic 
system. ‘They are of the visceral afferent system, but do not belong to 
the sympathetic division of the autonomic nervous system. It therefore 
appears that the capsule is innervated by vasomotor nerve fibres from 
the autonomic system, but its smooth muscle fibres are innervated by 
neither inhibitory nor motor nerve fibres directly. 

THE URETER. The wall of the ureter is pinkish to bluish white in 
color. It consists of an external fibrous coat, a middle coat of plain 
muscular tissue, and a mucous lining. 

From the physiological point of view the most interesting yet least 
understood question in the histology of the ureter, is the structure and 
distribution of the nervous elements in the ureteral wall. According to 
the literature it is richly supplied with nerves, which are derived from the 
plexus renalis, spermaticus (or ovarian) and the hypogastricus inferior 
(16, 160-165). 

The fibres from the plexus renalis supply the hilus of the kidney and 
the upper half of the abdominal ureter, those from the plexus spermati- 
cus innervate the lower half of the abdominal ureter, and those from the 
plexus hypogastricus the pelvic ureter. These nerve trunks send nerve 
fibres along the courses of the arteries in the ureter which form a rich 
network of nerve fibres in the adventitia known as the ‘‘Grund-plexus” 
by Engelmann (166). From this meshwork, nerve fibres pass into the 
tunica muscularis, throughout its length. 

Some nerve fibres can be demonstrated to pass through the muscular 
coat into the mucosa (20, 167). Disselhorst (167) described both medul- 
lated and non-medullated nerve fibres. 

Although Retzius (18) demonstrated end-organs in the smooth muscles 
of other tissues than the ureter and Lustig (168) believed he was able to 
demonstrate them in the musculature of the ureter, the consensus of 
opinion is that such a special end-apparatus does not exist in the ureter. 
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Engelmann (166) was unable to demonstrate them, and by calculation 
estimated one nerve fibre to every 25 or 50 muscle fibres. Neither Wolff 
(169), Habler (170) nor Disselhorst (167) has been able to demonstrate 
to his satisfaction special nerve endings. 

The presence or absence of ganglia and ganglionic cells in the various 
organs containing smooth muscle has been one of the most actively 
studied questions since the demonstration of ganglia by Remack in 1840. 
He found peripheral ganglion cells in several organs of the alimentary 
canal and the urinary tract. Many found ganglia in the ureter of the 
bird. A detailed investigation of this subject was first made by Engel- 
mann (166) in 1869 on cat, dog, human, and rabbit ureters. According 
to this experimenter, a number of nerves enter the organ at two points, 
above at the renal hilus from the plexus renalis, and below, at the blad- 
der end, from the sympathetic or vesical plexus. These nerve trunks 
build a plexus, the ““Grund-plexus,”’ with large and long meshes in the 
outer fibrous coat along the whole length of the ureter. Ganglion cells 
are absent in this plexus except in the lowermost 30 or 40 mm. and for an 
occasional small ganglion in the hilus renalis. The ganglia appear in the 
adventitia but in neither the muscular nor mucous layers. In the hilus 
renalis they are made up of 3 to 5 ganglion cells but in the adventitia 
near the bladder they may contain 100 or more cells. Because of these 
findings, Engelmann believed the contractions of the ureter to be of 
myogenic and not of neurogenic origin. His research gave impetus to a 
large number of researches upon the subjects both of presence or absence 
of ganglia and of the origin of spontaneous contractions of the ureter. 
Obersteiner (171) in 1871 confirmed Engelmann’s findings. 

In 1878 this subject was reinvestigated by Dogiel (172) using ureters 
obtained from the dog, pigeon, rat, and tortoise. He was able to demon- 
strate, to his own satisfaction, not only ganglia in the adventitia at the 
two extremes of the ureter, as Engelmann had previously shown, but 
ganglia throughout the adventitia of the entire ureter. Few cells were 
found in the middle third but in the lower third ganglia containing more 
than 200 cells were noted. Maier (15) also studied the nerve supply 
of the ureters of rabbits, pigs, calves, and humans. He was unable to 
demonstrate as large ganglia as were observed by Dogiel but noted 
smaller ganglia of from 8 to 10 cells. ‘These he found in the adventitia 
and in the submucosa near the muscular layer. Occasional ganglion 
cells were found between the outer longitudinal and circular muscular 
layers, but in some instances these appeared to be only bipolar cells. 
With minor changes concerning the distribution and the number of cells 
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in each ganglion, Dogiel’s and Maier’s findings were supported by the 
observations of Protopopow (173), Alksne (174), Primbs (175), Satani 
(176), and Boeminghaus (177). 

Investigating the ureter of man, pig, cat and dog, Hryntschak in 
1925 was unable to demonstrate ganglia and ganglion cells in the kidney 
pelvis, and upper 3 of the ureter. In the lower 3 of the ureter and in the 
intramural ureter of the cat, ganglion cells as well as ganglia were demon- 
strated in the adventitia. ‘These were absent in the pig ureters. Gan- 
glion cells were not observed in the muscular and mucous layers. He 
has shown many ganglia on the outer surface of the adventitia but he 
questions the possibility of these being concerned with peristalsis. 

It is well known that nicotine affects the ganglia of both the sympathe- 
tic and parasympathetic systems. Using the action of nicotine to deter- 
mine the presence of ganglia both Macht (178) and Satani (176) believed 
they were able to demonstrate them throughout the ureter. This work 
has met with considerable criticism by Hryntschak (13) who believes 
that nicotine stimulates the smooth muscle directly as it stimulates stri- 
ated muscle in chicken and frogs as observed by Langley (179), and Ed- 
munds and Roth (180). Gasser (181) was unable to show contraction of 
smooth muscle of the intestine by the addition of nicotine to the bath 
when the segment was robbed of its ganglia. There is no doubt but 
that the autonomic nervous system innervates the ureter, but from this 
maze of contradictory evidence as to the presence of ganglion cells one 
can only conclude that both ganglia and ganglion cells do occur in the 
adventitia at the two ends of the ureter. Whether they are present in 
other parts of the organ is still doubtful, although there seems to be good 
evidence that such is the case. 

Another complicating factor in the study of the neurogenic or myo- 
genic origins of spontaneous rhythm in the ureters and the presence of 
autonomic nerves is the presence of interstitial or reticular cells. These 
cells have been demonstrated to exist in the ureters by Van Esveld (182). 
He like Lawrentjew (183), Tiegs (184), and many others, believes these 
cells to be a part of the nervous system, excitable by nicotine and other 
drugs and perhaps belonging to the autonomic nervous system. Van 
Esveld has shown that these cells can be impregnated with nerve cell 
stains as can the ganglion cells. He has also shown that “‘nerve cell free’”’ 
preparations of smooth muscle can still be excited with nicotine contrary 
to the findings of Gasser (181). Other men are firm in their belief that 
the interstitial cells are of connective tissue origin (185). 

The function of the ureter is to convey the urine from the kidney to the 
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bladder and in this capacity it is not simply a passive conductor but an 
active organ. The propulsion of urine is brought about mainly by peri- 
staltic contraction (166, 13, 177, 186). In addition the ureter shows 
pendular movements as well as antiperistaltic contractions (166, 186). 

As to the origin and the mechanism of propagation of the peristaltic 
contractions considerable differences of opinion have arisen (166, 187- 
194). Budge (195), and Valentin (4) believed them to originate from 
impulses sent from the central nervous system. Valentin noted in addi- 
tion that it was possible to cause peristaltic contractions of the ureters by 
stimulation of the sympathetic nerve and by direct excitation of the 
muscle wall. Since these contractions are noted in excised muscle, (191, 
178, 192, 196, 176, 13, 186), the origin of these must be independent of 
the central nervous system and whether the propagation of the impulse 
be myogenic or neurogenic is still a moot question. It should be remem- 
bered that the ureter is a highly specialized involuntary muscular organ, 
and Engelmann believed that in life smooth muscle is a syncytium, and 
that contractions are transmitted by molecular activity without the 
inter-relation of nerves. 

Cessation of secretion by separating the kidney from all its proximal 
attachments according to Protopopow (173) slows the activity of the 
ureter temporarily, but tying the ureter at the kidney pelvis results in 
depression followed by complete inactivity. He believed this result to 
be due not only to the exclusion of urine but also to the blocking of the 
nerve supply to the ureter from above. It is not necessary, however, to 
assume such interference and his results can better be explained, accord- 
ing to Engelmann and Gruber, upon the basis of changing the position of 
the “pacemaker.’’ Thus by tying the pelvis of the kidney, the more rap- 
idly contracting portion is cut off and consequently the ureter contracts 
at a much slower rate. Protopopow, however, also demonstrated an 
anastomosis between the inferior mesenteric ganglion and the hypo- 
gastric plexus. These fibres, he states, are motor in origin. He found 
that cutting the splanchnic major nerve on one side produced a very 
marked slowing of ureteral peristalsis. Stimulation of the peripheral 
stump increased the rate of contractions providing the ureter was not 
ligated at the kidney pelvis. If the ureter was ligated at the renal pelvis 
before stimulation, no result of the stimulation was observed. Valentin 
(4) also noted splanchnic stimulation to accelerate ureteral peristalsis. 
This is supported by the observations of Langley and Anderson (197), 
who saw the main hypogastric nerve give off three ureteric branches 
and their results have been confirmed by Jackson (290). Caporale (198) 
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observed dilatation of the ureter after section of the sympathetics. That 
the lesser and inferior splanchnic nerves affect the kidney and ureter has 
been suggested by Latarjet and Bertrand (511). 

Fagge (199) and Stern (191) observed an acceleration of the move- 
ments of the ureter upon stimulation of the hypogastric nerve. A simi- 
lar action on the ureter upon stimulation of the hypogastric nerve trunk 
is described by Elliott (57). However, in the ferret’s ureters, which are 
markedly active, he found no change in the movement upon hypogastric 
nerve stimulation, nor did epinephrine influence its contraction. Hen- 
derson (200) states that stimulation of the hypogastric nerve and 
splanchnic nerves will often produce waves in a ureter which seemed 
paralyzed from too much distention. 

In studying the downward peristaltic waves in the fowl’s ureter, 
Gibbs (201) was convinced that these movements appear to be con- 
trolled by the sympathetic nervous system and Hepburn (202) main- 
tains that, in order to prevent growth and regeneration of the sympathe- 
tic nerves which are cut in denervation of the ureter, the ureter has to be 
displaced from its normal bed. Wharton and Hughson (203) maintain 
the sympathetic motor innervation, but deny sacral innervation. 

Pharmacologically, the presence of both sympathetic and parasympa- 
thetic nerve endings in the ureter has been shown by Satani (176) and 
he was able to confirm this by stimulation of the splanchnic and pelvic 
nerves. He concluded, therefore, that there exist in the ureteral wall, 
sympathetic and parasympathetic nerve endings which are connected 
with the pre-ganglionic fibres of the thoracico-lumbar and sacral outflow 
respectively. These findings are supported by the previous findings 
of Stewart and Barber (204) who noted a decrease in the frequency of 
contractions upon stripping the ureter, but contradicted by the findings 
of Engelmann (166) and Hryntschak (13). 

Almost all studies concerning the effects of drugs on the ureter have 
been directed toward the solution of the puzzling problem of innerva- 
tion. If we adhere to the schema that epinephrine and ergotoxin are 
purely sympatho-mimetic drugs and pilocarpine and atropine para- 
sympatho-mimetic drugs then the answer to this problem, pharmaco- 
logically, has been more satisfactory and clearer cut than the anatomical 
and physiological efforts. However, inasmuch as some doubt has arisen 
recently as to the exact points of action of these drugs these results no 
longer seem so conclusive and exact. 

Elliott (57) applied epinephrine 1: 2000 solution directly to the wall of 
the ureter in the intact animal and found it to produce flaccid paralysis. 
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He concluded that the ureter was not innervated by motor fibres from 
the sympathetic system, because neither stimulation of the nerve trunk 
nor the application of epinephrine caused contractions. He does not re- 
port the brand of epinephrine used nor does he state whether the drug 
applied to the ureter was acid, neutral or alkaline in reaction. Roth 
(196), Gruber (186), and Hofbauer (221) claim that solutions of epi- 
nephrine which have a pH of less than 7 cause relaxation of tissues as a 
rule. It may, therefore, be that the acidity of the epinephrine used 
by Elliott more than counteracted the action of epinephrine itself. 
Moreover, Gruber has demonstrated that ‘adrenalin chloride’ and 
“suprarenalin” are highly acid in reaction. 

Lucas (192), Brodie and Dixon (205), Henderson (200), Roth (196), 
Macht (178), Satani (176), and Gruber (186) have shown epinephrine 
to have an excitatory effect upon isolated segments and rings of ureter. 
Satani and Lucas made observations on the effect of epinephrine upon 
the ureter in situ. All of these observers agree that epinephrine in- 
creased the rate, tone, and in some cases the amplitude of ureteral] 
contractions. Roth and Gruber observed no variations in the effect of 
epinephrine on different parts of the ureter, but Satani found the great- 
est change in the upper segment, the response decreasing progressively 
toward the bladder. In excised whole pig ureters Gruber was able to 
change the location of the origin of the contraction wave and reverse 
the direction of the peristaltic wave by the addition of epinephrine to the 
bath surrounding the less active part of the segment. In this manner he 
was able to produce either peristalsis or antiperistalsis in the same ureter. 
This investigator also observed the rate of the conduction of the con- 
traction wave to be more rapid when epinephrine was added to the bath 
in which the ureter was contracting. 

Both Macht (178) and Satani (176) demonstrated increased peristal- 
tic activity in the ureteral rings and segments by the addition of ergo- 
toxin to the bath. They found that if, following ergotoxin, epinephrine 
was added to the bath, the increase in tonus and in rate of contraction 
previously observed is no longer obtainable but in its place inhibition of 
the contractions and loss in tonus are noted. This is in keeping with the 
action of these drugs upon other organs sympathetically innervated, 
and Macht considers, correctly we believe, that this is further proof of 
the presence of sympathetic motor fibres, for ergotoxin inhibits the motor 
effect of epinephrine but does not interfere with its inhibitory effect. 
Here again we find sympathetic nerve trunks carrying two kinds of 
fibres, motor and inhibitory, to smooth muscle. 
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Pilocarpine has been used to study the presence of the parasympathe- 
tic nerve supply in the ureter. Lucas (192), Roth (196), Penfield (206), 
Macht (178), Satani (176), Pentimalli (207), and others, have used pilo- 
carpine and agree that it increases ureteral activity although Lucas, 
Roth, and Penfield feel that this effect is only slight. Satani found the 
greatest stimulation of pilocarpine in the bladder segment, with a gradual 
diminution toward the kidney pelvis. From his results with epi- 
nephrine and pilocarpine he concluded that the innervation of the upper 
part of the ureter is mainly from the sympathetic and that of the bladder 
end mainly from the parasympathetic systems, a view also held by 
Young (163). The results with atropine were very variable. Macht 
(178) observed only relaxation and decreased activity, Satani (176) and 
Protopopow (173) observed increased activity with weak solutions and 
decreased activity with more concentrated ones, while Pentimalli 
reports only increased activity. Doubtful results were reported by 
Lucas, Roth, and Boulet (208). 

Before we can say positively whether or not the ureters are inner- 
vated by both sympathetic and parasympathetic fibres many more 
experiments will have to be performed. It may be that pilocarpine 
acts in the ureters upon the sympathetic system the same as it sup- 
posedly does in the urinary bladder (209). If such is the case then the 
picture becomes more complicated than before. Until further evidence 
to the contrary is brought forth, we must assume therefore that the ure- 
ters are innervated by the autonomic nervous system, inhibitory and 
motor sympathetic fibres and motor parasympathetic nerve fibres as well. 

THE URINARY BLADDER. In order to understand the autonomic in- 
nervation of the urinary bladder it is important first to understand the 
structure of the organ. As far as can be determined, it is composed of 
four layers, namely, serous, muscular, submucous and mucous coats. Of 
these, from the standpoint of autonomic innervation, the muscular coat 
is the most important. Authors disagree as to the arrangement of the 
muscular fibres. According to Da Costa (160) and Cunningham (210), 
it consists of an external longitudinal, a middle circular and an internal 
longitudinal layer. The middle circular layers are very thinly and irreg- 
ularly scattered on the body of the organ and though to some extent 
placed transversely to the long axis of the bladder, they are for the most 
part arranged obliquely. These writers believe that, toward the lower 
part of the urinary bladder, around the neck and the commencement of 
the urethra the circular fibres are disposed in a thick circular layer, form- 
ing a vesical sphincter which is continuous with the muscular fibres of the 
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prostate gland in the male and with the muscular wall of the urethra in 
the female. 

Griffiths (211) describes but two muscular layers in the bladder, an 
outer longitudinal and an inner circularly arranged. The longitudinal 
muscle bands, more frequently called the musculus detrusor urinae, take 
an oblique or transverse course around the lowest segment of the organ 
which can best be seen in the dog, but also seen in the cat. In mechani- 
cal obstruction the internal circular coat hypertrophies and becomes 3 
to 4 times as thick as the external longitudinal muscle. Griffiths has 
been unable to find a sphincter at the neck of the bladder and has been 
unable to find a thickening of the muscle around the commencement of 
the urethra sufficient to constitute a sphincter or indeed anything ap- 
proaching one. In fact according to this observer the arrangement of 
muscle is such that contraction of one set of fasciculi independently of 
another is impossible because the fasciculi run in their course from one 
plane or stratum into another, from longitudinal to oblique to transverse 
and vice versa. The triangular area between the entrance of the ureters 
and the urethra usually called the trigone requires special mention. 
Embryologically its origin differs from that of the fundus of the bladder in 
being of mesodermal origin while that of the fundus is of ectodermal 
origin (163, 212, 213) and physiologically it responds differently to auto- 
nomic nerve excitation from that of the body of the bladder (178, 163). 
According to Griffiths (211), it is a distinct structure only in man and 
monkey. This observation is not confirmed by Gruber (214) and other 
investigators (see table 1.) 

In the search for the autonomic innervation of the bladder four 
methods have been employed by the various investigators. The first, 
in which physiological experiments were performed (215-217); 2, histo- 
logical investigations (17, 18, 182, 189, 218-220); 3, anatomical observa- 
tions (22, 222, 224, 226); and finally 4, a combination of these (227, 230, 
and others). From the large number of published experiments upon 
monkeys, dogs, cats, rabbits, ferrets, guinea pigs, and other mammals 
it is now absolutely certain that the autonomic innervation of the blad- 
der comes from two sources, namely, the sympathetic formed by fibres 
from the thoraco-lumbar autonomic nervous system and the parasympa- 
thetic the origin of which is the sacral branch of the autonomic nervous 
system (57). Whether it also receives fibres from the vagi is to be 
doubted, as will be pointed out later. 

The origin and route taken by the efferent nerves in reaching the blad- 
der can be given only in a general way. They vary not only in their 
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origin and the pathway taken in the different species of animals, but also 
in different animals of the same species and from the right side to the left 
side in the same animal. The error commonly made in experimental 
work is the old one of arguing from the particular to the universal. In 
the realm of this report it is impossible to give all the ramifications and 
variations in either the hypogastric or pelvic (nervi erigentis) nerves. 


TABLE 1 
A table showing the response of the urinary bladder (circular and longitudinal 
muscle) and the trigone to hypogastric nerve and pelvic nerve stimulations 


++ strong contraction, + contraction, +— contraction followed by relaxa- 
tion, — relaxation only, 0 no effect. 
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++ strong contraction, + contraction. 


TABLE 2 


A table showing the effects of stimulation of lumbar and sacral nerve roots upon the 
urinary bladder 
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Broadly speaking, the sympathetic fibres forming the hypogastric nerve 
originate from the anterior roots of the 2nd, 3rd, 4th, and 5th lumbar 
segments, although occasionally fibres are contributed by the lst and 
6th lumbar nerves. See table 2. These segments send their fibres by 
way of the white rami communicantes, preganglionic fibres, some to end 
in the inferior mesenteric ganglion, but other axons may extend forward 
in the hypogastric nerve and terminate in the visceral plexus or in the 
walls of the bladder itself. In those cases in which pre-ganglionic fibres 
end in the inferior mesenteric ganglion post-ganglionic fibres continue as 
the hypogastric nerve to the vesical plexus and thence to the bladder 
musculature; in the case of pre-ganglionic neurones terminating in the 
peripheral plexus, their post-ganglionic cells are found here. The axons 
of the latter are very short and end also in the bladder musculature. 
This possible arrangement forms the basis for the autonomic axon reflex 
first described by Sokownin (231). Asa rule, however, the majority of 
pre-ganglionic fibres terminate in the inferior mesenteric ganglion and the 
post-ganglionic fibres proceed to the bladder from this point after passing 
to the hypogastric plexus and the vesical plexus. As said before, the 
fibres of the sympathetic group are carried regularly in the 2nd, 3rd, 4th, 
and 5th lumbar roots, but the strands leading the impulses from the 
sympathetic chain to the inferior mesenteric ganglion vary much in 
position. Usually these are four in number on each side, but sometimes 
three and sometimes five are observed (232). Even though their origin 
from the sympathetic chain is also subject to some variation, they arise 
always in the region of the 3rd, 4th, and 5th lumbar segments. Langley 
and Anderson (229) occasionally found a few fibres for the bladder, leav- 
ing the sympathetic for the pelvic plexus as low down as the Ist sacral 
ganglion. In most cases, however, the fibres which cause contraction of 
the bladder after section of the hypogastric nerves and stimulation of the 
lumbar sympathetic or the lumbar spinal nerves run to the pelvic plexus 
from the aortic plexus or from about the region of the 6th lumbar gan- 
glion. According to these investigators it is rare to obtain a contraction 
of the bladder by stimulation of the sympathetics at or below the 7th 
lumbar segment. The aortic branch described by them, however, has 
not been observed in rabbits by Wolhynski (233) who investigated it in 
over 50 animals. 

Inferior mesenteric ganglia. Generally speaking, the inferior mesen- 
teric ganglion in the cat consists of four ganglia, two above and two be- 
low the inferior mesenteric artery about 4 inch distant from the aorta, 
connected by strands which with the ganglia complete a chain around 
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the vessel; however, a single ganglion is often found in place of the two 
upper ganglia and in one cat Langley and Anderson (229, vol. xx) found 
the four ganglia fused into a continuous ring of nerve cells and fibres, 
through which the inferior mesenteric artery passed. In some instances 
the nerve filaments connecting the upper and lower pairs of ganglia may 
be long and slender, and the ganglia of the two sides as much as 4 inch 
apart. As said before, in nearly all instances four nerve strands run from 
the sympathetic chain on either side to these ganglia and occasionally 
there is a 5th strand. Occasionally four on one side and five on the 
other. These strands have been called rami efferentes of the ganglion 
and the nervi mesenterici and according to Langley and Anderson (229) 
neither name is appropriate on account of their homology with the 
splanchnic nerve. They therefore call them the inferior splanchnic 
nerves, but because of possible confusion they renamed them the spinal 
rami of the inferior mesenteric ganglion. This, however, represents its 
complexity but imperfectly since Krause (222) describes two ganglia 
in the rabbit and an accessory inferior mesenteric ganglion which is be- 
lieved to be the spermatic or ovarian ganglion by Langley and Anderson 
(229). Nawrocki (227) describes four small ganglia in the cat and one 
large oval ganglion in the dog as making up the inferior mesenteric 
ganglion. Nikolsky (237), Sokownin (231), and Medowar (238) also 
describe a single inferior mesenteric ganglion whose size is dependent 
upon the size of the animal and in large animals it averages 2 cm. in 
diameter. Rehfisch (234) finds but a single ganglion in the rabbit, 2 or 
3 in the cat and 4 or 5 in the dog. 

In the rabbit, Langley and Anderson (229, vol. xx) find above the in- 
ferior mesenteric artery and close to the aorta, a conspicuous ganglion, 
long and narrow, which has been called by Frankenhiuser (22), Krause 
(222) and others the inferior mesenteric ganglion. This ganglion is 
joined by nerve bundles with a smaller ganglion a little below. The 
largest of these strands has usually been called the hypogastric nerve 
and considered as a single unpaired nerve. It is, in fact, according to 
Langley and Anderson, composed of two hypogastric nerves united into 
a common trunk. These may be easily separated. Each of these 
two ganglia consists of a pair of ganglia bound together in a common 
sheath, upper and lower inferior mesenteric ganglia. 

Krause (222) mentions two ganglia in the male rabbit. He says the 
hypogastric nerve arises from the hypogastric ganglion. This may cor- 
respond to the superior mesenteric ganglion described by Langley and 
Anderson (229) or to a group of cells on the main aortic strand just above 
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its point of division described as a ganglion by Frankenhauser (22). 
Neither Langley and Anderson, nor Schabadasch (235) were able to 
isolate Frankenhauser’s ganglion, whereas Wolhynski (233) noted it 
in 45 per cent of the rabbits studied. This ganglion he called, as did 
Krause previously, the ‘“‘ganglion accessorium.”’ He described it as oval 
in shape, varying in size with the age and the size of the rabbit. This 
ganglion is ventromedial to the aorta and 1 to 2 em. below the inferior 
mesenteric artery. Pisemsky (236) describes a dense nervous plexus in 
the region where Frankenhauser describes his ganglion. He says it is 
connected with the inferior mesenteric ganglion by two to four nerve 
trunks. Its function was not given. 

Histo-anatomy. Since post-ganglionic fibres make up most of the 
hypogastric nerve trunk, it assumes a grayish cast (234) and according to 
Langley and Anderson (229), Griffiths (211), and others, the greater part 
of the hypogastric nerve consists of non-medullated nerve fibres. 

Langley and Anderson (229, vol. xvii), using special staining tech- 
nique, studied the relative number of medullated and non-medullated 
nerve fibres in the hypogastric nerve trunk. They found the greater 
bulk of the hypogastric nerve to consist of non-medullated fibres which 
usually run in broad bands in the nerve trunk. The number of non- 
medullated nerve fibres varies in different animals and usually varies in 
the two hypogastrics; the right they found usually the larger, the num- 
ber of nerve fibres varying in the left from 396 to 738 and the right from 
566 to 918, while in the two hypogastrics together the medullated fibres 
made up 950 to 1650 of the total number of fibers present in these nerves. 
These fibres they found to be chiefly very small, more than 99.9 per cent 
having a diameter of 1.3 to 4u and a considerable number of these very 
small fibres with a diameter of 1.3 to 1.54. They believe the sacral 
nerves send a variable number of fibres, up to two dozen, into the lowest 
end of the hypogastric nerve, but nearly all of these turn back with the 
hypogastric nerve fibres to the bladder and other visceral organs (229). 
A few small fibres, 1 to 5 sometimes, continue on in the hypogastric 
nerve. ‘The presence of such fibres is indeed doubtful since Schabadasch 
(235) was unable to find such nerve strands. No medullated fibres were 
noted descending the sympathetic by way of the sacral rami (229) pass- 
ing to the nervus erigens or the hypogastric. 

Stewart (232) was unable to demonstrate nerve fibres running to the 
bladder in the sympathetic chain other than those in the hypogastric 
nerves although such fibres have been described by Gianuzzi and Nuss- 
baum (240). However, Sokownin (231) and Nawrocki and Shabitschew- 
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sky (227) failed to demonstrate them and Langley and Anderson’s (229) 
results were variable. After leaving the inferior mesenteric ganglion 
the hypogastric nerve commonly divides about 3 to 1 inch from the gan- 
glion, into two strands; the smaller and more dorsal Langley and Anderson 
called the accessory hypogastric. According to these experimenters, 
when this division occurs, as it sometimes does, very close to the inferior 
mesenteric ganglion, it is easy to determine that the larger strand, the 
hypogastric proper supplies chiefly the bladder and uterus or vas defer- 
ens, and that the accessory hypogastric supplies chiefly the rectum and 
and internal anal sphincter. In two animals stimulation of the accessory 
hypogastric nerve had no effect upon the bladder. The presence of this 
nerve has been noted by other observers (232). 

Hypogastric nerve. Although it is generally admitted that the hypo- 
gastric nerves innervate the bladder, nevertheless the exact area in the 
organ supplied by these nerves and the responses caused upon their stim- 
ulation are still uncertain. Some men believe the hypogastric nerves 
supply only inhibitory fibres to the body of the bladder and motor fibres 
to the sphincter and trigone, others believe that they supply motor fibres 
to the entire organ. See table 1. 

Elliott (57) in 1905 described three types of reaction upon hypogastric 
nerve stimulation, the results obtained depending upon the animal used. 
In the ferret, civet cat, and male goat it caused primarily contraction of 
the whole bladder; in the cat, pig and monkey, a slight constriction of the 
trigone without shortening of the urethra and at the same time relaxa- 
tion of the rest of the bladder; in the dog, rabbit, female goat, and mon- 
goose, only the trigone was stimulated. Indifferent responses were ob- 
tained in the bladder of the guinea pig, rat, and hedgehog. 

In the two cats Elliott (57) was unable to get any response from the 
bladder upon stimulation of the hypogastric nerves, but in one animal he 
did observe contraction of the vas deferens, and in the other contraction 
of the female urethra. Upon further examination, it was revealed that 
the innervation of the bladder was entirely pelvic and that the hypo- 
gastric nerves took no part in its control. Moreover, in these animals 
epinephrine did not produce its characteristic response. ‘The indifferent 
response of the guinea pig’s bladder observed by Elliott was not con- 
firmed by Barrington (241, p. 70) who reported a powerful contraction 
of the organ upon hypogastric nerve stimulation. 

In the cat Langley (228), Dale (242), Elliott (57), Edmunds and 
Roth (209), and Sherrington (243) have shown that stimulation of the 
hypogastric nerve causes a temporary contraction of the bladder which 
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is followed in all cases by marked relaxation. The contraction produced 
is usually not sufficient to cause any micturition, but if it is strong enough 
it causes a discharge of only a few cubic centimeters of urine (57, 243). 
Sollmann (244) in his excellent article, dismisses the action of the hypo- 
gastric nerve upon the bladder with the term ‘‘complex.”’ 

Upon thorough study of the subject it is evident that the action of the 
hypogastric nerve is not as complicated as was formerly thought. 
There can be no question but that both the hypogastric and pelvic nerves 
carry efferent motor fibres to the bladder and their actions do not differ 
except in degree (229). There can also be little doubt that the hypogas! 
tric nerve carries both efferent inhibitory as well as efferent*frotor fibres 
to this organ. 

The ultimate response of the bladder to hypogastric nerve stimulation 
no doubt is dependent upon a number of factors of which the most 
influential are the state of tonus present in the organ at the time of stim- 
ulation and the degree of irritability of the organ. In an experiment the 
depth and kind of anesthesia used affect the results obtained (217). 
Griffiths (211) noted the fact that if the tone of the bladder is high, stim- 
ulation of the nerve produced a small initial contraction which was 
quickly followed by a rapid and pronounced relaxation, which continued 
until the walls became flaccid. According to him this can best be shown 
by stimulating the pelvic nerve first thus increasing the general tone of 
the organ. Langley and Anderson’s (229) findings are not exactly in 
accord with those just described. They observed that if the bladder was 
in a high state of tone, due to drying, hypogastric nerve stimulation had 
no effect. Moreover, they also presented evidence which showed that 
hypogastric nerve stimulation had no influence either upon the contrac- 
tion or the rate of relaxation of the bladder from stimulation of the pelvic 
nerves. Elliott (57) believed contraction of the bladder was more read- 
ily obtained in animals upon excitation of the hypogastric when the 
pelvic nerves were sectioned before the stimulation. 

Cats which were under deep chlorbutanol anesthesia were used by 
Edmunds and Roth. Their results can now be easily interpreted in the 
light of the excellent work of Macdonald and M’Crea (217). Because of 
its importance this work warrants presentation in considerable detail. 
They have demonstrated that the depth of anesthesia influences the 
response. In cats under deep anesthesia they always obtained relaxa- 
tion of the organ but when the ether anesthesia became light, contrac- 
tion predominated. The same findings were recorded when urethane 
and sodium luminal were used as general anesthetics. 
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In chloralosed animals (cats and dogs) the hypogastric nerves pro- 
duced considerable excitation of the bladder which was not limited to the 
trigone region. In an ether-chloralosed cat the inhibitory effect changed 
to a contractor effect as the ether disappeared and again became an 
inhibitory effect as the general ether anesthesia was deepened. This 
contraction was not confined to the trigonal area but was a general well 
marked homolateral response. In decerebrated and spinal animals the 
effect of hypogastric nerve stimulation upon the bladder changed from 
relaxation to contraction as the ether wore off and vice versa. These 
findings are in accord with those upon other organs reported earlier in 
this paper (p. 502). 

It is a well known fact that ergotoxin throws the motor fibres of the 
entire sympathetic system out of function (242, 57 and others). In 
those animals in which a normal contraction of the bladder occurs upon 
hypogastric nerve stimulation, such stimulation subsequent to the ad- 
ministration of ergotoxin is always followed by relaxation of the organ. 

Macdonald and M’Crea (217) also noted the fact that ergotoxin re- 
verses the reaction to hypogastric nerve stimulation if the normal re- 
sponse is contraction of the bladder. They say that ergotoxin in- 
creases the tonus of the bladder and they believe, therefore, that the 
motor sympathetics are fully stimulated rather than paralyzed. They 
interpret their results as showing that if in a mixed nerve the motor 
fibres are fully stimulated, only the inhibitory fibres remain to be excited 
and consequently relaxation of the organ occurs. They therefore con- 
clude that in cats and dogs, the sympathetic and para-sympathetic 
nerves are both excitatory and inhibitory in the bladder. The effect, as 
stated before, depends upon two factors: muscle tonus and nature and 
degree of anesthesia. 

In those animals in which contraction is produced upon stimulation 
of the peripheral end of the hypogastric nerve, the response is identically 
the same as that seen before stimulation of the peripheral end of the di- 
vided pelvic nerve. Like it, its effect is limited to the corresponding half 
of the organ and it affects equally all muscular layers of the organ (234, 
211, 217). 

Sacral autonomic nerve. It is generally agreed that the pelvic nerve is 
the main motor nerve of the bladder. However, unless one is familiar 
with the nomenclature applied to the sacral nerves supplying the urinary 
bladder one can be readily led astray. These nerve fibres are spoken of 
as the nervi erigentes (Eckhard, 246), as the pelvic splanchnic (Gaskell, 
245), as the pelvic nerves (Langley, 1) and merely as the sacral branch 
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of the autonomic nervous system. The arrangement of the branches of 
the pelvic nerve varies in individual animals of the same species so that 
no general description can be accurate. See table 2. It is a small 
white nerve which arises usually by three roots, one large and the other 
two small, the large strand being supplied by the 2nd sacral nerve and 
the smaller strand or strands by the first and third sacral nerves. These 
roots join on their respective sides and form moderate size nerve trunks 
which in their course to the bladder are joined by the hypogastric nerves 
forming the hypogastric plexus withits ganglia. Due to the fact that far 
the greater part of this plexus consists of fibres from the pelvic nerve 
Langley and Anderson (229) believe it absurdly named the hypogastric 
plexus and prefer the term pelvic plexus. Some authors speak of the 
hemorrhoidal plexus (Frankenhauser (22), Krause (222), Young (163)) 
and some others use these terms interchangeably. Valanti (508) de- 
scribes a union of the plexus vesicalis with the plexus hemorrhoidalis 
medius, vesico-deferentialis, prostaticus or utero-vaginalis. From here 
the fibres pass to the vesical plexus and thence into the muscle layers 
proper. On this point authors are again disagreed. Some apparently 
describe the pelvic plexus as being the same as the vesical and others 
omit the vesical plexus completely. Pre-ganglionic fibres pass from the 
spinal cord, which in some cases terminate in ganglia in the pelvic plexus 
(234, 211) and in other cases end in ganglia in the vesical plexus on the 
bladder wall. In the former case the post-ganglionic fibres are long and 
in the latter case short. It is generally believed that the pelvic nerve 
arises at the Ist, 2nd, and 3rd sacral roots but even then a difference of 
opinion exists not only as to the origin of these fibres in the animals of 
different species but also in animals of the same species. See table 2. 
According to Wolhynski (233), the pelvic nerve may vary in origin on the 
two sides as well as vary in the total number of roots. Schabadasch 
(235) after studying the origin in 50 rabbits, reported the fact that he 
never noted the pelvic nerve to originate in a single animal from all three 
sacral roots and that the right and left pelvic nerves can originate from 
different spinal segments in the same animal. Thus in rabbits the nerve 
may originate from the 2nd sacral only or from the 2nd and 3rd, or Ist 
and 2nd, but never from the Ist, 2nd, and 3rd sacral spinal roots. 

An additional factor which probably plays an important réle in the 
great variation in origin of these nerve fibres is the arrangement of the 
pudental and sciatic plexuses, i.e., if these are posteriorly placed the origin 
of the pelvic nerve fibres is different from its origin in animals in which the 
other nerves are anteriorly placed even in the same species of animal (229, 
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vol. xvi). The abnormal number of thoracic and lumbar vertebrae also 
add confusion to this already difficult problem. Langley and Anderson 
(229, vol. xx) found in two dogs and one cat 6 free sub-thoracic nerves 
and in the rabbit 7 free sub-thoracic nerves. In the rabbit Sherrington 
(243) describes 6 lumbar vertebrae, but 7 in the cat and dog. Other 
abnormalities noted by Langley and Anderson in 3 cats and 5 rabbits 
were 7 free subthoracic vertebrae, 7 cervical vertebrae and 1 extra rib 
bearing vertebra making a total of 14 thoracic vertebrae in the cat and 
13 thoracic in the rabbit. All of these variations add to the difficulty 
of the interpretation of the origin of these nerves. Griffiths (211) 
finds the trunk of the pelvic splanchnic nerve consisting almost entirely 
of small medullated nerve fibres measuring 2 to 3u diameter, but there 
are also present, he says, a few medullated fibres of about 7y in diameter. 
These small fibres lose their medullary sheaths in the ganglia. 

In the cat Langley and Anderson (229) found normally about 3500 
medullated fibres in the pelvic nerve (nervus erigens). Of these 1 to 2 
dozen were 7y to 12u in diameter, several hundred were 4yu to 5y in di- 
ameter and nearly all the rest were small nerve fibres. 

From the hypogastric plexus the vesical branch of the pelvic nerve 
sends three sets of fibres to the bladder (234, 211). These are named 
according to their location the upper, middle and lower sets. These 
supply respectively the fundus, the middle, and the neck region of the 
bladder and the contiguous or first portion of the urethra. All of these 
are non-medullated nerve fibres, the medulla of the small fibres of the 
pelvic nerve being lost in the numerous ganglia on the fibres of the plexus. 
In this way Griffiths believes each lateral half of the bladder may be 
mapped out according to its nerve supply into three regions. Just as 
there are anatomical limitations, he says, so there are physiological 
limitations. Stimulation of the peripheral end of one of these branches 
after division induces contraction only in the area to which it is dis- 
tributed, the contraction remaining limited and not spreading by virtue 
of continuity of the muscle fibres. 

With but minor differences all workers agree that each pelvic nerve 
innervates but one-half of the bladder. Elliott (57), Sherrington (243), 
Griffiths (211), Langley and Anderson (229), Rehfisch (234), and Mac- 
donald and M’Crea (217) noted strong contraction of the homolateral 
half and a weak contraction of the contralateral half of the bladder in 
the animal studied. 

Frog. At most only a brief résumé of the autonomic innervation of 
the frog bladder can be presented here. Upon studying the published 
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literature on the subject, one finds some uncertainty as to its exact 
innervation. In 1886 Gaskell (251) showed that the hypogastric nerves 
caused contraction of the frog’s bladder in the same manner as in the dog. 
The 8th and 9th nerve fibres passing by the homologue of the pelvic nerve 
(nervus erigens) of the mammal always caused contractions of this organ. 
Bernheim (247) in 1892 confirmed Gaskell in his findings. He noted 
contraction of the bladder on stimulation of the nerve running to it from 
the sciatic plexus. Anatomically he found that the nerve arose usually 
from the 8th and 9th spinal nerves but occasionally fibres also arose from 
the 10th. Waters (253) found variable effects upon stimulation of the 
8th nerve. 

Steinach and Wiener (248) observed that the bladder in the frog 
received motor nerves in almost equal proportions from the posterior and 
anterior roots of the 6th to the 9th spinal nerves, but the 7th, 8th and 
9th most commonly, when stimulated, caused contraction of the bladder. 
An opinion slightly different was expressed by Horton-Smith (249). 
Motor nerves to the bladder and rectum of the frog were found in only 
the anterior roots from the 7th, 9th and 10th nerves. The sympathetic 
and sacral 8th was never found to contain sympathetic fibres for the 
frog’s bladder, a fact confirmed by Dale (250). This latter investigator 
noted a gap between the 7th and 9th anterior roots and observed the 8th 
to contain no sympathetic fibres. These results were not supported in 
full by Langley and Orbeli (252), who say that the sympathetic nerves 
supplying the bladder have vaso-motor as well as viscero-motor fibres. 
Occasionally the 6th, but in nearly all cases the 7th, when stimulated, 
caused contraction of the bladder. They found the 8th usually ineffec- 
tive. But the fibers from the 9th and 10th anterior roots forming pelvic 
nerves always caused contraction of the bladder. 

Vagus nerve. There can be little doubt in the minds of most investi- 
gators as to whether or not the vagi innervate the urinary bladder. 
Inasmuch as the organ receives its principal motor supply from the pelvic 
nerves (nervus erigens) and some motor and inhibitory fibres from the 
hypogastric nerves, there is little reason for thinking that a third source 
of nerve control is necessary. According to Oehl (254) and Palumord- 
winov (255), the vagi contribute motor nerve impulses directly to the 
bladder. If these nerves are sectioned in rabbits and dogs and the pe- 
ripheral end stimulated, they observed contraction of the organ. They 
also noted contraction of the bladder upon excitation of the central cut 
end of the vagus nerve. This they believe to be a reflex over the hypo- 
gastric and pelvic nerves. Their findings have not been confirmed either 
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by Kehrer (256) using dogs and rabbits, or by Bert (257), Nussbaum 
(240), Nawrocki and Skabitschewsky (227). As far as any conclusive 
evidence shows, the negative findings so outweigh the positive findings 
that the question of vagal innervation of the bladder can be wholly dis- 
regarded. 

Ganglion. The presence of ganglia in the bladder wall is a common 
finding. Remak (258), Darwin (259), Obersteiner (171), Disselhorst 
(167), Maier (15), Disse (20), Bobin (226), Hryntschak (13), Michaelow 
(220), Stéhr (16), Miiller (261), and Engelmann (166) described ganglia 
in the mammalian bladder, and Griinstein (262), Wolff (263), Lawdow- 
sky (264), and Serebrjakow (265) in the frog, but they are not in accord 
as to whether they appear in all layers or only in certain strata of the 
bladder wall. They are, however, agreed that the region near the en- 
trance of the ureters has the richest supply of these cells. Miiller (261) 
described intra- and extra-mural ganglia and occasional ganglia in the 
submucosa. Michailow (220) observed ganglion cells in the mucous 
and submucous layers as well as in other parts of the bladder wall of the 
horse. However, Bobin and Hryntschak were unable to identify 
ganglia in the mucosa but admit the presence of nerve cells in the adven- 
titia and intra-muscularis. Stéhr confirmed the findings of Hryntschak 
and Miiller and presented evidence supporting the view that large num- 
bers of ganglion cells are present in the bladder of the newborn human 
which vary in size from 10 to 100 cells each. He had noted them previ- 
ously in the adventitia and he believed that they extended fairly deeply 
into the muscular coat. He describes five types of ganglion cells. 

Using the nicotine and degeneration methods, Langley and Anderson 
(229, vol. xix) showed that the ganglia for the pelvic vesical nerves are on 
the wall of the bladder itself which fact has been confirmed by Elliot 
(57), Stewart (232), and Edmunds and Roth (209). That some few 
trophic centres for the hypogastric nerves may be located in the bladder 
wall cannot be denied. 

Nerve endings. Upon reaching the bladder wall the post-ganglionic 
nerve fibres continue into the bladder proper as nerve bundles. The pre- 
ganglionic fibres end in the ganglia in the bladder wall and from here 
post-ganglionic fibres travel short distances as fibre groups (13, 16, 20). 
These nerve bundles are abundant in the adventitia (16), where they 
give off fibrils to the muscle and submucosa. In the muscle they are 
less abundant than in the adventitia and in the submucosa these are still 
fewer in number (16). These nerve fibres have been described under 
the names of nerve plexus, secondary plexus, intermediary plexus 
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intra-muscular network and end plexus. They divide into the finest 
terminal network and in this way supply the smooth muscle cells. The 
ultimate ending of these fibres, whether in or on the muscle cells, has 
been a point of much dispute. Two distinct views exist; Arnold (266), 
Frankenhauser (22), Lustig (267), and Obregia (268) believe that the 
nerve fibre terminates in the involuntary muscle cell or often after 
passing through one cell it re-enters the intramuscular plexus passing to 
another cell before reaching its termination. Some of these investiga- 
tors go so far as to insist that these fibres terminate in the nucleus of the 
cell itself (22, 266-268). 

Other writers (17, 172, 219, 265, 269) are more conservative, and state 
that the fibrillae ultimately terminate on the outside of the muscle cell. 
Huber (270) was unable to demonstrate the terminal nerve endings of 
these fibres in the smooth muscle of blood vessels. These nerve fibrils 
were traced by Boecke (223) into the muscle cell and he believes that 
they form a reticular network about the nucleus of the cells. Stéhr 
(260) also believes that these nerve fibrils form a reticular network 
within the muscle cell and terminate as bare nerve endings with no 
special terminal structure. He admits, however, that the majority of 
muscle cells do not appear to receive such nerve fibrils. Another point 
of contention is the question as to whether or not all smooth muscle cells 
in the bladder receive nerve endings. According to v. Csiky (271) every 
muscle cell receives from 2 to 4 nerve endings. Gscheidlen (219), Lustig 
(267), Obregia (268), and Agababow (272) maintain that each muscle 
cell is provided with a nerve fibre. Fortunately such a view is not held 
by many investigators. Equally competent observers such as Dissel- 
horst (167), Wolff (263), Kéllicker (17), Huber (270), and Stohr (16) do 
not believe that all muscle cells are provided with nerve fibres. More- 
over, Langley (228) believes there exists approximately one nerve fibre 
for every 100 muscle cells and Engelmann (166) thinks there is one 
nerve fibre for each 25 or 50 muscle cells. With the better stain and the 
improved technique of the later investigators it can be stated with con- 
siderable assurance that the nerve fibres do not penetrate the nucleus 
of the cell and that not every smooth muscle cell is provided with nerve 
fibrils. 

Muscular contraction. Whether or not the muscles of the bladder can 
contract without receiving impulses from the central nervous system has 
been discussed pro and con for some time. Morgan (274) and Schultz 
(275) believed the spontaneous movements to be purely of nerve cell 
origin. On the other hand Engelmann (166), Sertoli (277), Botazzi 
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(278), Straub (279), Stewart (280), Sherrington (243), and many others 
have shown that connection with the central nervous system is not 
necessary. Although Sherrington cut all the dorsal and ventral roots 
and the spinal cord at the level of the 12th thoracic vertebra in both cat 
and monkey, the contraction continued. Sections taken from the blad- 
der wall showed spontaneous rhythmical responses. In all these experi- 
ments there is still the possibility that ganglia may be present in the 
muscle itself and that these cells may have an influence upon the spon- 
taneous contractions of the organ. Certainly it has not yet been proven 
that they do not exert such an influence although most writers believe 
the spontaneous rhythmical contractions of the bladder are properties 
of the muscle cell itself. 

Sensory nerves. While motor nerves may be explored by methods of 
direct stimulation with comparative ease, the demonstration of sensory 
fibres for the bladder is a matter of extreme difficulty due to the fact that 
the nerves stimulated may originate in the intestine or external genitals 
and not in the bladder proper. Apparently stimulation of any sensory 
nerve will cause contraction of the bladder (227, 280, 282). In his 
earlier work, Budge (215) reported that the hypogastric nerve trunk 
carried both motor and sensory fibres but later he thought that he found 
only sensory fibres. Gianuzzi (239) reports similar findings. It is 
generally agreed now that both the hypogastric and the pelvic nerves 
(nervus erigens) are mixed nerves. Inthe hypogastric nerve, according 
to Langley and Anderson (229), there is one afferent fibre to every 10 
efferent fibres. Afferent fibres in both nerves have been described by a 
host of men (211, 215, 227, 229, 234, 235, 239, 243, 280-284, etc.). 

It should be remembered, however, that these afferent fibres are not a 
part of the autonomic nervous system, although frequently classed as 


such by men using a loose nomenclature (225). They are probably vis- | 


ceral afferent fibres originating in the abdomen, but not necessarily in the 
bladder itself. According to Beattle (282) and Fearnsides (283) those 
in the pelvic nerves enter the cord by way of the dorsal roots of the 2nd 
and 3rd and possibly the 4th sacral spinal nerves (1st included 240) and 
those in the hypogastric nerve through the dorsal roots of the 11th, 12th 
thoracic and Ist and 2nd lumbar. Head and Riddock (284) noted the 
fact that cutting the posterior sacral nerve roots in man did not abolish 
sensations in the bladder. 

Sensory end organs have been described in the bladder wall itself and 
Huber (270) classes these, erroneously we believe, as sensory end organs 
of the sympathetic system. Stéhr (16) described such special end organs 
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of the Pacinian body or corpuscle type and believed they represent the 
receptive endings of pain fibres. Michailow (220) and Griinstein (262) 
also described sensory nerve endings in the bladder wall, and Langley 
and Anderson (229) apparently believed the afferent nerves carry the 
sensation of pain principally. 

Spinal cord centre. At this point it may be well to digress a little to 
mention the fact that many men believe that a reflex centre exists in the 
spinal cord which controls the tone and contraction of the bladder. 
Such an impulse would necessarily be carried by the autonomic nerves 
supplying the organ. In 1841, Valentin (5) stimulated the exposed 
spinal cord and brain (crura cerebelli, medulla oblongata, cerebral hemi- 
spheres and the floor of the 4th ventricle) of a rabbit and observed con- 
traction of the bladder. These findings were supported by those of 
Budge (195) in 1864 and others who stimulated the cerebral peduncle 
and corpora restiformi and calamus scriptorium in dogs, rabbits and cats, 
and by Nussbaum (240), Nawrocki and Skabitschewsky (227) who stim- 
ulated the spinal cord. Bert (257), Mosso and Pellicani (281), and Naw- 
rocki and Skabitschewsky (227) noted reflex contraction of the bladder 
involving the autonomic nervous system when the sciatic, median, 
inferior orbital, crural and other mixed nerves were cut and excited 
centrally. 

In the cord these impulses travel in the lateral columns. They could 
not determine by hemisection of the cord at different levels whether or 
not crossing took place in short efferent neurones (281, 285, 286) to 
reach the bladder. According to Nawrocki, this reflex is mediated 
through the hypogastric nerve fibres and not through the pelvic nerves 
since cutting the hypogastric nerves abolishes the reflex whereas section 
of the pelvic nerves had no influence. Spiegel and MacPherson (286) 
stimulated the hypothalamus and observed contraction of the bladder. 
They too failed to determine by means of hemisection of the cord at 
different levels whether or not crossing took place in short efferent 
neurones. 

A reflex centre has been described in the spinal cord as being involved 
especially in micturition but also as concerned with the reflexes from 
other sources than from the bladder back to the bladder itself. It is 
generally agreed that this centre lies somewhere between the 2nd and 
the 7th lumbar segments, the position varying with the species of animal 
and also with different animals of the same species. Masius (287) lo- 
cated it at the 5th lumbar in dogs and the 6th and 7th lumbar in rabbits. 
His findings were confirmed by Ott (285), Gianuzzi (239) and Kupressow 
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(216). Budge (195), Sokownin (231), Nussbaum (240), Goltz (288), 
and others describe it as being in the neighborhood of the 3rd and 4th 
lumbar segments. Stewart (232), Nawrocki and Skabitschewsky (227) 
place the upper limit of the centre at the 2nd lumbar segment and the 
lower limit in the 5th lumbar segment. 

As an illustration of the involvement of this centre, Griffiths’ experi- 
ments are described. He has shown that stimulation of the central end of 
one cut hypogastric nerve, all other nerves being intact, produces a reflex 
contraction of the bladder. If the pelvic nerves are cut, the reflex is 
abolished. On the other hand, if the pelvic nerves are left intact and 
the opposite hypogastric is cut, the reflex is not abolished. The reflex, 
he says, is therefore indirect through the lumbo-sacral spinal cord to the 
pelvic nerve. He also suggests that the reflex centre in the spinal cord is 
bilateral, each half controlling, as does each nerve, the corresponding 
half of the bladder. The two halves are connected by commissural fibres 
so that under ordinary circumstances they act in harmony with one 
another and are influenced equally by stimuli transmitted to one or the 
other, a condition similar to that found in the respiratory centre. 

Hypogastric nerve axon reflex. In 1877, Sokownin (231) first pointed 
out the possibility of the inferior mesenteric ganglion acting as a reflex 
centre. In curarized cats he noted that stimulation of the central end of 
one hypogastric nerve, after the rami which run from the upper lumbar 
sympathetic to the inferior mesenteric ganglia had been cut, would still 
cause contraction of the bladder. If, however, the remaining hypogas- 
tric nerve was severed and the central end of the first again stimulated, 
no response resulted in the bladder. His findings were confirmed by 
Nussbaum (240), Landois (289), and by Nawrocki and Skabitschewsky 
(227). These investigators concluded, therefore, that the inferior mesen- 
teric ganglion acts as a reflex centre and is under the influence of sensory 
fibres passing to it from the bladder itself. Langley (228), Langley and 
Anderson (229, vol. xvi), Elliott (57), Stewart (232), Jackson (290), 
Denning (230), and Griffiths (211) have placed an entirely different 
interpretation upon this same experiment. Langley and Anderson (229, 
vol. xiv) state that this experiment does not warrant the conclusion to 
which Sokownin comes, because the result might be explained in several 
other ways, namely: if the nerve fibres of the rami of one side divided 
and sent a branch to each hypogastric nerve; if some nerve cells of the 
ganglion sent motor fibres to each hypogastric nerve; if some of the as- 
cending fibres of the pelvic nerve (nervus erigens) ran back in the oppo- 
site hypogastric nerve; if some fibres from the upper lumbar nerves 
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joined the hypogastric nerve below the ganglion and ran upwards and if 
the action current set up in one hypogastric nerve were strong enough to 
stimulate the neighboring fibres. 

In the cat, other reflexes besides the contralateral contraction of the 
bladder are produced. ‘These are: unilateral pallor of the uterus or vas 
deferens and prostate vesicle; slight contraction and pallor of the vagina 
or penis and some paling of the bladder itself (229). In dogs Langley 
and Anderson noted these reflexes to be slight and inconstant, but in 
rabbits always present and on the opposite side of the body from that of 
the nerve stimulated. 

All of these actions they observed to be temporarily in abeyance after 
the injection of 10 to 20 mgm. of nicotine into a vein. In such an experi- 
ment the impulses set up in the central end of the hypogastric nerve were 
blocked in the inferior mesenteric ganglion, for nicotine did not annul 
the effects of stimulating the peripheral ends of the hypogastric nerve. 
Thus impulses passing up one hypogastric nerve traverse nerve cells in 
the inferior mesenteric ganglion, before they can reach the opposite 
hypogastric nerve. Had they made no further investigation, Langley 
and Anderson might have fallen into the same trap as the previous inves- 
tigators for such findings certainly support the idea that a true reflex is 
present and the reflex centre must be in the inferior mesenteric ganglion. 
However, assuming that each nerve fibre had one and only one trophic 
centre or nerve cell, Langley and Anderson cut one hypogastric nerve 
and allowed time for degeneration to occur, after which central stimula- 
tion of the cut end of the hypogastric nerve still caused normal reflexes to 
occur. ‘These reflexes therefore could not be due to fibres proceeding 
from a nerve cell on the peripheral course of the hypogastric nerve. If, 
however, the spinal branches to the inferior mesenteric ganglia were cut 
and time allowed for degeneration, stimulation of the central cut end of 
one hypogastric nerve gave no reflexes but stimulation of peripheral ends 
of the hypogastric nerve continued to produce the customary effects. 
These experimenters therefore concluded that the normal reflexes could 
not be due to nerve cells in the ganglion sending out two sets of fibres, one 
passing down each hypogastric nerve. Furthermore, they deduced from 
these experiments that the nerve fibres in the central end of the hypo- 
gastric nerve which subserve the reflexes must have their trophic centre, 
i.e., be connected with nerve cells either in the ganglion of the posterior 
root or in the spinal cord. Moreover when the first five lumbar nerves 
on both sides of the spinal cord were severed, centrally to the posterior 
root ganglion, and time allowed for degeneration to take place, reflexes 
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upon hypogastric nerve stimulation in a few, but not in the majority of 
cases, could be demonstrated. Hence these men were inclined to think 
that in the few cases where the reflexes persisted, they were due to some 
motor fibres running from the lower thoracic spinal nerves to the inferior 
mesenteric ganglion. 

In the reflexes commonly seen upon stimulation of the hypogastric 
nerve, the impulses pass up the central ends of motor fibres which give 
off branches in the inferior mesenteric ganglion, to the nerve cells of the 
opposite hypogastric nerve and the reflex is an axon or pseudo-reflex and 
not a true reflex. In all the experiments cited, the axon reflex response 
was always a motor response. In 3 animals so studied Elliott (57) got 
contraction alone in 2 experiments and in one he observed contraction 
followed by relaxation. In the latter animal, stimulation of the intact 
right hypogastric nerve gave the same result. He therefore argued that 
there is no distinction between motor and inhibitor nerves in the hypo- 
gastric nerve trunk beyond that of the final area of distribution and that 
the ultimate response of the axon reflex may be either motor or inhibitory 
to the bladder. 

Sacral nerve. Sensory fibres in pelvic nerve. Griffiths (211) found 
upon stimulation of one pelvic nerve (nervus erigens) a contraction of 
the bladder limited primarily to the side of the nerve stimulated. This 
was usually accompanied by expulsion of urine. Although the opposite 
half of the bladder contracted a little it invariably bulged outwards by 
the increased intravesical pressure caused by the forceful contraction of 
the other half. He was able to abolish the contraction of the half of the 
bladder opposite to that on which the nerve was stimulated in two 
ways; first by cutting the trunk of the opposite pelvic nerve and secondly 
by cutting the pelvic nerve itself proximally to the point of application 
of the stimulus. The contraction of the half of the bladder on the side 
opposite to that on which the nerve is stimulated is probably dependent 
upon a reflex through the lumbo-sacral part of the spinal cord, the effer- 
ent impulse passing along the opposite intact pelvic nerve to the bladder. 
This assumption was supported by the fact that section of either or both 
hypogastric nerves had no influence on its production. 

The shortening of the bladder observed by Griffiths was attributed 
to a contraction of the external or longitudinally disposed muscular 
fasciculi and the indrawing was ascribed to the contraction of the inner 
obliquely and circularly disposed muscular fasciculi. These contrac- 


tions therefore involved all layers of muscle in the wall of that side of the 
bladder. 
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The bilateral nature of the urinary bladder is well illustrated in the tor- 
toise and in the common frog. In these animals the bladder is so deeply 
bilobed as to appear when distended like two sacs joined together at or 
near their necks. Each sac may contract independently of the other. 
We may assume, therefore, that the pelvic nerve contains both afferent 
and efferent fibres, a finding already reported by Budge (215). Stewart 
(232) reported similar conclusions, i.e., the hypogastric nerves do not 
carry motor impulses aroused by stimulation of any of the afferent fibres 
contained in the sacral nerves, but these impulses, if they cause reflex 
stimulation, do so over the efferent fibres contained in the opposite pelvic 
nerve. Denning (230), by calculation, believed that the pelvic nerve 
contains 3 afferent and 3 efferent nerve fibres. Macdonald and M’Crea 
(217) confirmed these findings. Stimulation of the intact pelvic nerve 
in the cat and dog caused strong contraction of the homolateral half of 
the bladder and a weaker contraction of the contralateral half of the 
bladder. But they observed occasionally in addition, relaxation of the 
bladder resembling a hypogastric rather than a normal pelvic effect. 
Cutting the hypogastric nerves had no effect upon the contralateral 
contraction of the bladder upon stimulation of one of the intact pelvic 
nerves. 

A similar relaxation of the bladder following stimulation of the pelvic 
nerve was reported by Edmunds and Roth (209) in chloretonized cats. 
This was usually preceded by marked contraction, a change which can 
probably be explained on the basis of the anesthesia employed. From 
his observations upon the pelvic nerve, Griffiths (211) concluded that 
the hypogastric was not the sensory nerve from the bladder. Whatever 
the function of this nerve is, the normal action of the bladder may go on 
uninterruptedly, even when portions of both nerves have been excised 
and even though the nerve contains motor as well as sensory fibres. 
Of the two nerves he maintains the pelvic is the more important. 
He also studied the reflexes produced by stimulation of the three 
segments of the pelvic nerve to the bladder. In his experiments he 
showed that only that portion of the bladder is stimulated which 
is supplied by the particular segment excited. Thus if he stimulated 
the distal cut end of the middle segment only the middle portion 
of the bladder contracted. If, however, the middle branch is stimu- 
lated and its continuity maintained, the remaining branches being 
undisturbed, contraction of the entire half of the bladder is observed. 
If, however, the trunk of the pelvic nerve is cut and the central 
end of a divided branch is stimulated, contraction of the correspond- 








AUTONOMIC INNERVATION OF GENITO-URINARY SYSTEM 539 


ing lateral half of the bladder occurs. If both hypogastric nerves are 
cut in addition to the opposite pelvic nerve, but the pelvic nerve on 
the same side as that of the branch is intact, stimulation of the branch 
causes unilateral contraction of the bladder on the side stimulated. This 
is, according to Griffiths, a genuine reflex from the ganglia in the plexus 
and he is inclined to the view that ganglia on the pelvic plexus may act 
as reflex centres in addition to being trophic and distributing centres. 

It is possible, however, that he is dealing with axon reflexes similar 
to those observed in the inferior mesenteric ganglion and the hypogastric 
nerves. As far as could be determined these findings have not been re- 
investigated. 

Hypogastric nerve influence. Sphincter urinae muscle, micturition and 
retention of urine. The literature on the sphincter urinae muscle, 
micturition and retention of urine is so involved and so much alike that I 
shall not attempt to discuss these separately in this review. In spite of 
the large number of researches which have been made on the urinary 
system there are still many differences of opinion in regard to some of the 
most important factors involved in the retention of urine and in micturi- 
tion. All observers are agreed that both sets of autonomic nerves 
which supply the bladder have a motor effect on some part of the muscu- 
lar wall of this organ, but that the pelvic nerves (nervi erigentes) exert 
the greater influence. Here, however, the agreement ceases. 

The hypogastric nerves which supply the external genitalia originate 
in the male dog from the 12th thoracic to the 4th lumbar roots inclusive, 
in the cat from the 13th thoracic to the 5th lumbar roots and in the 
rabbit from the 2nd to the 5th lumbar nerve roots. A slight variation 
is found in the female. In the cat the 1st to the 5th lumbar nerves con- 
tribute fibres to its formation (229, 335). The cell relays for these 
fibres lie mainly in the inferior mesenteric ganglion (229). 

Elliott (57) speaks of the cell relays of the inhibitory nerves for the 
bladder in the hypogastric nerves as lying chiefly in the inferior mesen- 
teric ganglion side by side with those of the motor nerves of the urethra 
and base of the bladder. In anesthetized cats he passed a sound in the 
urethra toward the bladder. This tube extended the full length of the 
penile, membranous and prostatic urethra. A second sound was passed 
into the upper part of the urethra, through the bladder. One centimetre 
of urethra was left between the two sounds. The resistance to the pas- 
sage of fluid was then studied in this segment. By raising or lowering the 
pressure within the upper tube it could be determined whether the resist- 


ance in this area was increased or decreased upon hypogastric and pelvic 
nerve stimulations. 
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It should be pointed out that the area selected by him is not commonly 
regarded as a part of the urethra and is not ordinarily differentiated 
from the vesical sphincter. Elliott reported the hypogastric nerves as 
causing constriction of the first part of the urethra which he says was far 
below the influence of changes in the bladder pressure. In the cat, it 
produced immediately constriction of the urethra of such power that the 
one centimetre of urethra could uphold a pressure of from 50 to 60 em. 
water. The resistance yielded as soon as excitation of the nerve ceased. 
According to Elliott, it is only in the male that the urethra possesses a 
sheet of muscle with such powerful innervation. This he believes due 
to the fact that an unyielding constriction is needed to prevent regurgi- 
tation into the bladder from below the prostate when the secretion of the 
testicles is driven forcibly through the lower urethra against the resistance 
of the surrounding erectile tissue. In the female cat he observed the 
urethra capable of withstanding a pressure of only 35 cm. water upon 
hypogastric stimulation. Similar changes were noted in the dog, rabbit, 
ferret and other animals. 

According to him, in the cat stimulation of the hypogastric nerve 
causes a rapid contraction of the urinary sphincter and relaxation of the 
fundus. Excitation of the pelvic nerve causes relaxation of the sphinc- 
ter and contraction of the fundus. The two nerve trunks are completely 
antagonistic to one another. He, therefore, concludes that the pelvic 
nerves are the nerves of micturition and that the hypogastric nerves 
facilitate the retention of urine. 

Fearnsides (283), in quoting Elliott, speaks of three types of action 
resulting when the sympathetics are excited: 1, constriction of the whole 
urethra and the whole surface of the bladder as seen in ferret and male 
goat; 2, constriction without shortening of the urethra with relaxation 
of the rest of the bladder in cat, pig, and monkey; and 3, contraction of 
the urethra and of a very small area at the back of the base of the bladder 
as seen in the dog, rabbit, female goat, and mongoose. In his studies he 
confirms Elliott but it should be pointed out again that the term sphincter 
was used as synonymous with the urethra (see table 3). 

Although Gaskell (245) in 1887 was the first to show that stimulation 
of the pelvic nerve caused contraction of the detrusor urinae muscle and 
the hypogastric nerve contraction of the circular muscle fibres, it was v. 
Zeiss] (291) in 1893 who, while endeavoring to establish the validity of 
von Basch’s law in the bladder, investigated its innervation. He stud- 
ied the innervation of the bladder in many dogs, and in these he varied 
the experimental procedures. He concluded that the pelvic nerve is 
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motor to the detrusor muscle and inhibitory to the sphincter. He also 
proved to his satisfaction that stimulation of the hypogastric nerve 
closes the sphincter and shuts off the bladder from the urethra. Both 
nerves contain motor and inhibitory nerve fibres for the bladder. The 
opening of the sphincter he believed is independent of the bladder con- 


TABLE 3 


This table gives the names of the authors and the results obtained by them on 


the detrusor and sphincter urinae muscles upon hypogastric and pelvic nerve 
stimulation. 


— relaxation, + contraction, ++ strong contraction, 0 no effect. 
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* Normal sphincter tonus maintained by central nervous system and any 
inhibition of the sphincter is central in origin. 
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traction and that it is actively relaxed by the pelvic nerve. His findings 
were later confirmed by Beattle (282), Courtade and Guyon (278), 
Elliott (57), and Frankl-Hochwart and Frohlich (295). 

In 1902 Fagge (199) repeated the experiments of v. Zeissl and obtained 
the same results. He, however, did not believe the experiments con- 
clusive and he found no evidence to support the view that the pelvic 
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nerve inhibits the sphincter. The expulsion of urine caused by their 
stimulation always occurred at a pressure which was sufficient of itself to 
overcome the resistance at the neck of the bladder. Hypogastric stimu- 
lation caused contraction of the sphincter. When Fagge stimulated 
both sets of nerves he got no emission of urine even though the pressure 
in the bladder (22 em. H,O) exceeded that necessary to cause outflow un- 
der normal experimental conditions. When the pelvic nerves alone were 
stimulated, micturition occurred although the intravesical pressure 
reached a height of only 14 cm. of water. He concluded that the central 
nervous system is able to increase considerably the resistance to outflow 
of urine by means of impulses which pass down the hypogastric nerves. 
According to Elliott (57), Fagge’s objections to v. Zeissl’s theory may be 
explained by the fact that there is dilatation of the erectile tissue about 
the bladder neck. 

Ott (285) observed the fact that 14 cm. water pressure was necessary 
in the bladder of the cat to cause fluid to leave the urethra. Upon 
cutting the lumbar nerves, the intra-vesical pressure necessary to cause a 
flow of fluid from the urethra decreased to 2 cm. water pressure. In the 
same animal after death the pressure necessary was found to be 1 cm. 
Somewhat similar findings were recorded by Heidenhain and Colberg 
(299). They found the intra-vesical pressure necesssary to cause urine 
to leave the bladder by way of the urethra in the living animal to be 9.4 
em. and in the dead animal 5.8 cm. water. Barrington (241) used female 
cats for experimentation. In these the entire fundus of the bladder was 
cut off and the remaining muscle coats stripped off the beginning of the 
urethra. A tube connected with a pressure bottle was tied in the re- 
maining portion of the bladder which then consisted of a mucous mem- 
brane sac. He noted the pressure at which fluid would flow through the 
urethra. In all instances stimulation of the hypogastric nerve caused 
contraction of the urethra followed by relaxation and increased flow of 
fluid from the urethra. 

These contentions were immediately doubted by Langley and Ander- 
son (229). The lumbar nerve, they found, caused contraction of the 
whole musculature of the bladder. The contraction is strongest at the 
base of the bladder near the entrance of the ureters (trigone). Stimula- 
tion of the nerves on one side causes contraction of both sides. They 
suggest that the stoppage of flow obtained by v. Zeissl on stimulation of 
the hypogastric nerve might possibly be due to a longitudinal contrac- 
tion of the basal portion of the bladder drawing the urethra forward. 
They hold that the theory, that the lumbar nerves cause contraction of 
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the circular coat and not that of the longitudinal coat, is untenable since 
the longitudinal fibres are obviously continuous with the bundles of the 
oblique and of the circular muscle fibres. Similar views were expressed 
by Longet (296) and Griffiths (211). The failure of these observers to 
note contraction of the inner circular muscle of the urethral segment, 
Elliott believes, was due to the fact that they employed direct inspection 
and not mechanical devices for detecting the changes produced. 

Griffiths (211) could find no definite accumulation of circular muscle 
fibres at the neck of the bladder which might be regarded as a special 
sphincter. He found the resistance to the outflow of urine in the urethra 
to be the same after division of both hypogastric nerves and even after 
death. He maintains that under ordinary circumstances the unstriped 
muscular wall of the urethra does not relax actively while the bladder 
contracts to expel its contents but simply yields to the pressure and that 
contraction of the muscle takes place at the end of micturition. A 
special muscular mechanism would thus not be necessary in normal re- 
tention of urine. Other observers had already voiced similar views. 
Mosso and Pellacani (281) in 1882 concluded that the resistance of the 
“sphincter” is tonic and constant and that emission of urine takes place 
only when the sphincter yields to a pressure sufficiently great to over- 
come its tonic contraction. 

Budge (215) maintains, since a true vesical sphincter has no share in 
normal retention of urine in the bladder, that the term sphincter is a 
misnomer. Clark (294) pointed out that the smooth muscle of the blad- 
der is under the control of the will as well as under reflex influence. In 
early life, he said, it is chiefly under reflex influence but it is gradually 
rendered voluntary by education and habit. He did not believe the 
annular fibres around the neck of the bladder are a sphincter. If his 
theory is correct, that this smooth muscle can be influenced voluntarily, 
it is as far as we know the only sphincter in the body consisting of smooth 
muscle and innervated by the autonomic nervous system, which is 
voluntarily controlled. 

Hané ascribes the reflex inhibition of the sphincter to the intervention 
or inhibition by efferent nerve impulses. He found the latent period of 
the sphincter to be longer than that of the bladder and not dependent 
upon the bladder pressure. Goltz (288) also ascribed the emptying of 
the bladder to a reflex centre in the lumbar area. And Gianuzzi (239) 
placed the centre for tonus of the vesical sphincter at about the level of 
the 5th lumbar root. The normal sphincter tonus, Rehfisch (234) be- 
lieved, is maintained by the central nervous system. ‘The inhibition of 
the sphincter he ascribes to an inhibition of this central tonus. 
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Sensory nerves in the bladder are stimulated by the distention of the 
bladder and these impulses stimulate the motor nerves in the lumbar 
sacral region in the cord, causing micturition. He investigated this 
phenomenon in 45 male dogs. He was able to show the action of the 
hypogastric nerve upon the “sphincter.’’ If, when the intra-vesical 
pressure was high though not high enough to cause urine to flow from 
the urethra, the hypogastric nerves were cut urine immediately began to 
flow through the urethra. If the distal cut, end of one hypogastric 
nerve was then stimulated, the flow of urine immediately ceased, prov- 
ing, he believed, the importance of the hypogastric nerve in the normal 
retention of urine. 

Guyon (298) noted that the reflex of micturition was unaffected by 
sectioning of the hypogastric nerve but that it disappeared when the 
pelvic nerves were cut. 

Beattle (282) finds the involuntary muscle of the urethra innervated 
both from the hypogastric and the pelvic nerves, but mainly from the 
latter. Section of the hypogastric nerves in dogs, cats and human beings 
produces no interference with normal micturition. Section of the sacral 
or pelvic nerves abolishes all sensation in the bladder in dogs and in eats 
and in these, retention with over-flow occurs. After some days the 
over-flow ceases and the animal passes urine in small quantities volun- 
tarily, but a large amount remains in the bladder. If the pudic nerve 
is now cut the voluntary micturition is abolished and continual dribbling 
results. Upon section of the pudic nerve alone micturition remains 
practically normal. He discusses in considerable detail various centres 
for micturition but such a discussion has no place in this report. 

The arguments, upon which the theory of sphincter action of the circu- 
lar muscle in the bladder is founded, are weak. If one considers the cir- 
cular coat as a continuation of the longitudinal muscle layer, no true 
sphincter exists. There seems little doubt, however, of the existence of 
a centre in the lumbar cord which regulates the urine flow and there is no 
question as to the action of the pelvic nerve upon the longitudinal muscle 
of the bladder. The bulk of the evidence supports the view that the 
hypogastric nerves increase the resistance to the passage of urine at the 
urethral orifice in some way. The question therefore arises as to how 
the orifice dilates in micturition. There are three possible ways in which 
this may occur. It may be dilated: 1, passively by the pull of the con- 
tracting bladder and increased intra-vesical pressure; 2, by inhibition of 
the impulses over the hypogastric nerves through the lumbar centre, 
i.e., inhibition of the tonic contraction in the neck of the bladder; 3, by 
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active inhibition of the muscle itself, through impulses sent over the pel- 
vie nerves. There are experiments in the literature supporting each of 
the above views. It is possible that all of these are combined in mic- 
turition. 

Vasomotor changes. Much to my surprise in going over the literature 
I find that no actual experiments and only a few incidental observations 
have been made on the vasomotor supply to the bladder in mammals. 
Young (163) claimed that both systems, hypogastric and pelvic nerves, 
carry vasomotor fibres to this organ. Langley and Orbeli (252) re- 
ported vasomotor fibres as well as vesico-motor fibres in the 6th, 7th, 
9th, and 10th nerves in the frog. Waters (253) found an indifferent 
action of the 8th nerve in the frog which at times caused contraction 
of the blood vessels of the bladder. Langley and Anderson (229, vol. 
xix), found the lumbar set of nerves to have very little, if any, effect on the 
arteries of the bladder. Occasionally the hypogastric nerve seemed to 
produce slight vaso-constriction of the smallest arteries and slight pallor, 
but in most cases there was undoubtedly no effect since they usually saw 
the small arteries pulsating in undiminished extent. This was the more 
striking since the small arteries of the intestine, of the uterus and of the 
penis disappeared from view completely in a few seconds upon stimula- 
tion of the hypogastric nerves. 

Since both the hypogastric and pelvic nerves contain nerve fibres with 
diameters of 1.3 to 4u and since Gaskell (245) has shown that the vas- 
omotor fibres are the finest medullated fibres in the splanchnic nerve (1.8 
to 3.64) we may assume from analogy that both autonomic nerve trunks 
carry vasomotor fibres to the bladder wall. 

Pharmacology. As said before (p. 507) epinephrine and ergotoxin are 
regarded as typically sympatho-mimetic drugs and pilocarpine and 
atropine are usually regarded as parasympatho-mimetic in action. The 
effects of these drugs on the urinary bladder have been extensively stud- 
ied. From table 4 it will be seen that the response of the bladder to 
epinephrine is identically the same as to stimulation of the sympathetic 
nerve trunk, or the hypogastric nerve. ‘The responses vary in different 
individuals of the same species and in different species in the same way 
as do the responses to stimulation of the nerve. This variation was 
first studied by Elliott (57) on a large group of animals, although Dale 
was the first to note the action of epinephrine on the bladder. 

We have already, in our earlier reference to ergotoxin, alluded to its 
specificity for sympathetic motor nerve endings. By its use it is possible 
to demonstrate the presence, not only of motor nerve fibres in the hypo- 
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TABLE 4 

A table giving the names of the investigators and the experimental animals each used 

in his work 
The effects of hypogastric nerve stimulation and of exposure to epinephrine 

upon the urinary bladder before and after the use of ergotoxin are here presented. 
C contraction, R relaxation, C + R contraction followd by relaxation. 






































me | Seen 
——) sue 
AUTHOR YEAR ANIMAL HYPOGASTRIC EPINEPHRINE pone dl pa amg 
ERGO- AFTER 
SORES ERGOTOXIN 
Dale 1906 | Cat C+R C+R R C 
(| Cat C+R C+R 
Monkey C+R R | 
Rabbit C C 
Guinea pig Indifferent | Indifferent | 
Hedgehog Indifferent | Indifferent | 
Rat Indifferent | Indifferent | 
Elliott 1905; | Dog C C | R|C+Rit 
Ferret C C | R R 
Indian Civet Cc C | 
cat 
Pig C+R R | 
Male goat C C 
Female goat C C | 
Barger and 1907{ Pig R | R R 
Dale Goat C | R R 
Chiari and 1911 | Cat R 
Fréhlich 
Adler 1918 | Frog R | 
, . Rt 
Abelin 1919 | Rabbit R : +R | 
Edmunds and | 1920 | Cat C+R C+R | 
Roth | 
C* C* | R R 
Macdonald and sa R R | 
M’Crea Do C* C* _R R 
: R R | 
Dale 1906 | Ferret C C | R C 
Streuli 1915 | Rabbit CorR | R 





* In animals under light anesthesia. 


t Relaxation in bladder previously treated with pilocarpine. 
t Excised bladder. 
§ Intact bladder. 
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TABLE 4—Concluded 

















_ | STIMULA- 
wava-| TON OF 
AUTHOR YEAR ANIMAL HYPOGASTRIC EPINEPHRINE fa an GASTRIC 
zrco-| “SSvs 
ORIN nupeaninits 
Elliott 1905 | Mongoose C Indifferent 
Dale 1906 | Dog C Cc R R 
Dixon 1903 | Cat C+R R 
Langley 1901 | Cat R 
Cwithsmall | R 
Rose and doses 
9) 
Deakin 1928 | Dog Rwith large | R 
doses | | 
Macht R | | 

















gastric nerve to the bladder, but also of inhibitory fibres. In the early 
reports Dale (242) called this substance chrysotoxin but he later renamed 
it ergotoxin when he found them to be the same substances (300). 

Following the administration of ergotoxin the response of the bladder 
to epinephrine may remain the same or may be reversed. If the re- 
sponse of the bladder to epinephrine normally is inhibition, ergotoxin 
effects no change in the epinephrine reaction. If the bladder normally 
responds to epinephrine by contraction or contraction followed by relax- 
ation (see table 4) ergotoxin paralyzes the motor fibres and epinephrine 
causes only relaxation of the organ since only the inhibitory sympathetic 
fibres are sensitive to the epinephrine. A similar reversal of action of the 
organ following the administration of ergotoxin is noted when the hypo- 
gastric nerves are stimulated. The authors are not entirely agreed on 
this point. Dale (242) noted no change except a decrease in the extent 
of contraction upon stimulation of the hypogastric nerve, following the 
administration of ergotoxin although epinephrine caused relaxation 
following ergotoxin. 

According to Macdonald and M’Crea (217), epinephrine affects the 
bladders of the dog and cat just as does sympathetic stimulation, i.e., it 
causes a slight relaxation followed by an increase in tone and contraction. 
The contraction is more prolonged than that produced by sympathetic 
stimulation. They noted the fact that 0.002 mgm. of epinephrine 
caused a fall in blood pressure and a marked contraction of the bladder 
in animals under light ether or chloralose anesthesia. If the anesthetic 
was deep, relaxation of the organ was noted. They obtained, not only 
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an increase in general tone in these cases, but also an increase in the rate 
and force of the contractions. These changes were not noted when 
ephedrine was similarly administered. They also recorded a reversal 
in action of epinephrine following the injection of ergotoxin. If in cats 
and dogs under light ether anesthesia or chloralose anesthesia, or in 
decerebrated or spinal animals in which epinephrine had caused in- 
creased tonus, a second injection of epinephrine followed the administra- 
tion of ergotoxin, a reversal of action, i.e., a relaxation of the bladder 
muscle always occurred. They gave an entirely different explanation of 
this reversal of action than did Dale and Elliott. 

It is agreed that epinephrine acts upon the neuro-muscular mechanism, 
or synaptic substance of Langley, which according to the best authorities 
is neither muscle nor nerve. In a denervated cat bladder (denervated 
by cutting the hypogastric nerves and allowing time for degeneration to 
take place) epinephrine proved still an effective stimulus, although it less 
readily excited the organ and the response when it occurred was more 
prolonged than under normal conditions. 

Edmunds and Roth (209), Young and Macht (305), and Macht (110) 
cut strips from various parts of the bladder to determine whether adren- 
alin acts on all parts. Elliott (57) had previously stated that the sym- 
pathetic nerves are distributed to the bladder mainly in the wall between 
the openings of ureters and extend for varying distances over the dorsal 
surface and that the pelvic nerves supplied other parts of the bladder. 
Both Edmunds and Roth and Young and Macht reported that strips 
taken from the trigone were more sensitive to epinephrine than other 
parts of the bladder. In Edmunds and Roth’s experiments strips 
taken from the trigone of the cat’s bladder contracted when epinephrine 
was added to the bath, whereas segments taken from other parts of the 
bladder relaxed. They state, however, that the contraction of the tri- 
gone occurred only with extremely dilute solutions and that stronger 
solutions caused relaxation. They explained Elliott’s failure to obtain 
contraction in the trigone to his having used too great concentrations 
of the drug. 

Using isolated rabbits’ bladders which had been treated with pilo- 
carpine in order to give them tone Streuli (301) found that epinephrine 
gave complete relaxation and stopped the automatic movements even in 
dilutions as great as 1:40,000,000. Epinephrine caused contraction of 
the organ after the administration of atropine. He also noted that 
subminimal doses had a tendency to increase the tone of the bladder 
especially if the original tone was low. He also made the interesting ob- 
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servation that a bladder placed in Tyrode’s solution in which the calcium 
content was above normal relaxed more readily upon the addition of 
epinephrine to the solution than in Tyrode’s with normal calcium con- 
tent. Ergotoxin had no influence upon the inhibition of the bladder by 
epinephrine but it did diminish the response to pilocarpine. Chiari 
and Fréhlich (302) made similar observations, i.e., they reported the 
fact that removal of calcium from the blood in the cat or decreased cal- 
cium in the bath surrounding the isolated organ increased the sensitivity 
of the organs, urinary bladder, etc., to impulses of the vegetative nervous 
system and the effect of stimulation of these nerves can be decreased by 
an excess of calcium. Thus, after excess of calcium, relaxation of the 
bladder always occurred when epinephrine was either injected intrave- 
nously or added to the bath in which the muscle was contracting. 

Pilocarpine-atropine. ‘The results reported on the action of pilocar- 
pine and atropine on the bladder are uniformly the same. In all cases 
pilocarpine causes an increase in tone and contraction of the organ (209, 
217, 229, 297, 301-307), similar to that commonly produced by stimula- 
tion of the pelvic nerve. Because of this similarity and because in other 
organs innervated by the parasympathetic system, pilocarpine stimu- 
lates the neuro-muscular junction or ‘‘nerve muscle complex’”’ of this 
system many men regarded its action as being upon the same mechanism 
in the bladder. This inference is supported by the fact that atropine 
antagonizes the action of pilocarpine. However, some doubt has been 
cast upon the point of action of these drugs since atropine completely 
antagonizes pilocarpine, but does not in these animals prevent the con- 
traction produced by stimulation of the pelvic nerve (209, 303-305). 
If atropine paralyzes the parasympathetic neuro-muscular junction, 
pelvic nerve stimulation as well as pilocarpine should be ineffective. 
Langley and Anderson (229) did record a decrease in contraction upon 
excitation of the pelvic nerve following an injection of atropine. They 
assumed that pelvic nerve excitation was a superior stimulus to pilocar- 
pine excitation. 

From these findings we may infer from pharmacological as well as 
physiological experiments that the bladder is innervated by the sympa- 
thetic and parasympathetic systems, each supplying both motor and 
inhibitor impulses and that there is no difference between the effects of 
these two systems, except the possibility that the parasympathetic 
nerves carry stronger motor impulses. 

EXTERNAL GENERATIVE ORGANS. The outstanding investigations in 
this field are still those published by Sherrington (243) and Langley and 
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Anderson (229, vol. xix). The parts of the generative organs to be con- 
sidered here are those which are developed from the uro-genital sinus 
and the skin surrounding the uro-genital opening. In the female they 
are the vulva, the vestibule, extending a short distance above the ure- 
thral opening (in the human also the vagina) and the genital skin. Ac- 
cording to Langley and Anderson, the vagina does not belong to the ex- 
ternal generative organs, developmentally or by its innervation. In the 
male these parts are the penis, the scrotum and in some cases other parts 
of the skin in the genital region. 

Uretura. The urethra varies in length in the sexes and also in 
individuals of the same sex. In the male it is commonly divided into 
the prostatic, membranous and penile or spongy portions. Bundles of 
nerve fibres are found between the longitudinal and circular muscle 
fibres and also in the submucosa (16). Multipolar ganglion cells are 
found in the adventitia. In man most ganglion cells are found in the 
neighborhood of the prostatic urethra, but in the female they are most 
abundant in the adventitia. 

Sensory end organs are found in the skin and in the male in the glans 
penis and in the female in the clitoris. The urethra receives autonomic 
fibres from three sources: the hypogastric, the pelvic and the pudic 
nerves. 

THE HYPOGASTRIC NERVES. If one considers the effects on the urethra 
already cited (p. 539), as acting primarily on the “sphincter” then only a 
few experimenters have noted changes other than vasomotor phenomena 
in the urethra upon hypogastric nerve stimulation. Upon anatomical 
dissection, Loven (292) in 1866 showed the hypogastric nerves to inner- 
vate the urethra. Langley and Anderson (229, vol. xix) observed slight 
movement of the penis and contraction of the vas deferens upon excita- 
tion of this nerve. But their attention had been focussed again mainly 
on the vasomotor effects of hypogastric nerve stimulation. In some 
cases they found that stimulation caused slight shrinking of the penis. 
If a pelvic nerve was stimulated to obtain marked erection of the penis, 
subsequent stimulation of the sympathetic nerve caused some shrinking 
and on further stimulation of the hypogastric nerves marked shrinkage 
of the penis was noted. In a later paper they find the general effects of 
stimulation of the hypogastric nerve the same in the rabbit, the cat and 
the dog and in all cases unilateral stimulation had a bilateral effect, al- 
though the effect was greater on the stimulated side. The outstanding 
change was that of contraction of the arteries both large and small 
especially in dogs. The penis decreased in size and pallor occurred. 
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There was also contraction of the arteries of the whole genital skin. 
This was especially noticeable in the scrotum of the rabbit. Contrac- 
tion of the intrinsic smooth muscles of the penis itself apart from 
those caused by the retractor penisoccurred. ‘The most obvious change 
was the shrinking of the bulbus urethra. Contractions of the unstriped 
muscle of the genital skin also occurred and contraction of the scrotum 
and cremaster muscle.” 

In the female, they report upon hypogastric nerve stimulation changes 
“mutatis, mutandis the same as in the male.’”’ They observed pallor of 
the clitoris and of the mucous membrane of the vulva with slight retrac- 
tion of the clitoris, contraction of the vulva, and contraction of the 
skin muscles so as to draw the vulva dorsally. 

Francois-Frank (293) studied the action of the hypogastric nerve 
upon the volume, the arterial blood pressure, venous pressure and blood 
flow in the penis of the dog. From his results he concluded that through 
it both vaso-constrictor and vaso-dilator nerve fibres are supplied to 
this organ although the predominant action is that of vaso-constriction. 

Contraction of the prostatic, membranous and bulbous portions of the 
urethra was observed by Fagge (199) upon stimulation of the hypogastric 
nerve. And Young (163) noted contraction of the involuntary muscle 
of the urethra upon hypogastric stimulation. 

The pudic nerve, an ordinary skeletal nerve, originates from the Ist, 
2nd, 3rd, and 4th sacral roots (211, 282). In the dog it corresponds 
practically to the internal pudic nerve in man, but not in the rabbit 
(229, vol. xix). The fibres in its trunk are almost all large medullated 
fibres measuring 12y in diameter but there are also many small medul- 
lated fibres measuring 2 to 3u. The smaller fibres are probably the vaso- 
motor and the motor and inhibitor autonomic nerve fibres to the smooth 
muscles. In addition to the efferent fibres it contains afferent (sensory) 
fibres to the prostate gland, the genital portion of the urethra, the end 
of the penis in the male and clitoris and vulva in the female. These 
afferent fibres can be readily demonstrated in the experimental animal. 
If one sections the pudic nerves and stimulates the central end of one 
trunk contraction of the urinary bladder occurs. If the bladder is al- 
ready in a contracted state slight contraction followed by relaxation is 
produced (211). 

Langley and Anderson (229, vol. xix) studied the action of the pudic 
nerve in cats, dogs and rabbits. In these they observed the fact that 


2 Of the experimental animals used, only the dog has a cremaster muscle, Lang- 
ley and Anderson. 
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stimulation of the cut peripheral end produced contraction of the tunica 
dartos of the scrotum, and quick projection of the penis, which soon 
became blue, then pale and then slowly retracted. 

More definite information concerning the action of the pudic nerves is 
presented by Young (163), Gaskell (245), and Francois-Frank (293). 
According to Young and Frangois-Frank, vaso-constriction in the erec- 
tile tissue, the penis becoming small and flaccid, is one of the outstanding 
actions of these nerves. In addition the striated urethral muscles con- 
tract (283, 163). When these nerves are sectioned erection does not 
occur, sensation is lost in the organ so that mechanical stimulation does 
not cause either erection or ejaculation and there is a tendency to incon- 
tinence and dribbling even if the other nerves remain intact. 

Barrington (241) also noted a decreased flow of urine through the 
urethra upon stimulation of the pudic nerves. This was not due to con- 
traction of the striated muscle in his experiments, but to contraction of 
the smooth muscle between the bladder proper and the prostate portion 
of the urethra. 

Effect of stimulation of spinal cord. That responses to the autonomic 
nerves can be influenced by stimulation of the spinal cord, section of the 
spinal cord and excitation of spinal mixed nerve has been known almost 
100 years. In 1837 Brachet (308) observed ejaculation in rabbits upon 
stimulation of the spinal cord. Two years later he demonstrated erec- 
tion of the penis upon section of the spinal cord in the lumbar region and 
ejaculation occurred following rubbing of the organ with the prepuce. 
His results were supported by those of Hall (309) experimenting upon a 
man in whom an accident had caused a broken back and by those of 
Goltz and Freusberg (288) who showed the existence of a similar erector 
centre in the lumbo-sacral region of the spinal cord in the dog. Goltz 
sectioned the cord in dogs under chloroform anesthesia between the last 
thoracic and the Ist lumbar vertebrae. After the animal recovered from 
the anesthetic, rubbing the foreskin very gently back and forth caused 
erection of the penis. Stimulation of the bladder caused a similar 
erection. After extreme erection was established stimulation of the 
foot, the sciatic or any cutaneous nerve caused the organ to become flaccid 
at once. Elliott (57) noted a similar reflex action, i.e., if the central end 
of the cut great sciatic nerve was stimulated, relaxation of the urethra 
was noted, but if the proximal end of the cut small sciatic or pudic nerve 
was stimulated, contraction occurred. He advanced no theory as to the 
cause of this difference. Goltz also noted that destruction of the cord 
below the cut caused permanent disappearance of the reflex. 
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Spina (310) has shown that if the spinal cord of a male guinea pig is 
transected between the 12th dorsal and Ist lumbar vertebrae spontaneous 
erection occurs, followed by expulsion of semen. Akutsu (311) observed 
in guinea pigs ejaculation without erection upon stimulation of pre- and 
post-ganglionic fibres of the hypogastric nerve. Working upon these 
findings Baeq (312) was able to render male rodents, guinea pigs, rab- 
bits, and rats, impotent sexually upon sympathetic denervation of the 
genital organs. In the early acute experiments, after sympathectomy, 
the spinal cord was transected at the level of the last costo-vertebral ar- 
ticulation and although erection occurred, ejaculation was never ob- 
served. From these experiments, it is seen that removal of the sympa- 
thetic innervation to the genital organs of the male guinea pig prevents 
ejaculation but not erection. He later sympathectomized male rats, 
guinea pigs, and rabbits. When these were placed with female animals 
copulation occurred. The orgasm of falling on his side and uttering a 
ery during copulation noted in the normal male rabbit was never seen. 
Bacq was never able to find semen in the vagina of the female animal. 
Thirty-seven days to two months after sympathectomy, the males again 
became potent. This he believed due to regeneration of the sympathe- 
tic nerve fibres. 

Pelvic nerve. The lower set of nerve fibres which innervate the ex- 
ternal genitalia are derived from the Ist, 2nd and 3rd sacral nerves in cats 
and the Ist, 2nd, 3rd, 4th, and 5th sacral nerves in the rabbit (229). 
According to Elliott (57), stimulation of these nerves causes relaxation 
of the urethra, a relaxation involving not only the circular muscle coat, 
but also the longitudinal coat. Barrington (241) confirmed these find- 
ings. 

The origin of the inhibitory fibres in the external generative organs 
is the same in the male andfemale. According to Langley and Anderson 
these inhibitory fibres have their origin in the dog and cat in the Ist, 2nd, 
and 3rd sacral roots and in the rabbit from the 2nd, 3rd, and 4th anterior 
sacral roots. Sherrington (243) noted imperfect turgidity of the penis 
in the monkey upon stimulation of the anterior roots of the 8th and 9th 
subthoracic nerves. This imperfect erection he believed was due to the 
deep anesthesia and the very young, sexually immature animals used. 
In the cat he observed turgidity upon stimulation of the 8th and 9th an- 
terior roots and to a less degree the 7th root. These results do not agree 
absolutely with those of previous observers. Eckhard (246) was the 
first to show that certain nerves when stimulated caused enlargement of, 
and increase of blood flow through, the penis. These nerves he called 
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the nervi erigentes. Langley and Anderson (229) who later confirmed 
his findings called them the pelvic nerves. This is the form now most 
commonly used. The origin of these nerves Eckhard found to be from 
the 1st and 2nd anterior sacral roots and occasionally from the 3rd in the 
dog. Nikolsky (237), shortly thereafter, showed the lst branch to con- 
tain both vaso-constrictor and vaso-dilator fibres and that the 2nd 
branch was purely a vaso-dilator nerve trunk. Gaskell (245) noted the 
erector fibres for the penis to leave the spinal cord by way of the 2nd and 
3rd sacral nerves in the rabbit. Morat (313) confirmed Eckhard’s 
findings in the dog. He observed upon stimulating either the 1st or 
2nd sacral roots a change in the size, consistence and color of the organ. 
Frangois-Frank studied the vaso-motor innervation of the penis in dogs 
using as his criteria changes in the volume, arterial pressure, venous 
pressure and rate of blood flow in the organ. He arrived at the conclu- 
sion that the 1st sacral root carries both vaso-constrictor and vaso-dila- 
tor fibres, whereas the 2nd branch contains vaso-dilator only. The 
vaso-constrictor fibres, however, he maintained are not typically those 
of the sacral nerve but are an accretion of fibres from the sympathetic 
system. Fréhlich and Loewi (307) also concluded that the pelvic nerve 
contained both vaso-dilator and vaso-constrictor nerve fibres, but the 
vaso-constrictor action was overbalanced by the vaso-dilator effect. 

Inasmuch as the pelvic nerves are capable of causing contraction of 
the bladder, relaxation of the sphincter and erection of the penis in the 
male, Young (163) points out the fact that because no erection occurs 
during micturition, only a part of the fibres in the nerve trunk can be 
active. If erection had occurred emptying of the bladder quickly sub- 
dued it. 

Pharmacology. Within limits the above findings upon autonomic 
nerve stimulation have been confirmed by the use of sympatho-mimetic 
and para-sympatho-mimetic drugs. 

Elliott (57) noted that in the rabbit, an administration of epinephrine 
caused a contraction of the urethra sufficient to hold up a pressure of 4 
meter of water. In the cat and dog the pressure sustained after an 
administration of epinephrine amounted to 50 to 60 cm. of water. 

In the dog marked paling and a decrease in the diameter of the penis is 
noted following the intravenous injection of epinephrine. The time 
spent between the injection and the vasomotor response is usually longer 
than that noted in other visible cutaneous vessels and the duration of 
action is also longer. These results support the conclusions as to the 
presence of vaso-constrictor fibers in the penis. 
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In 1879 Nikolsky attempted to show that pilocarpine, by acting upon 
the pelvic nerve endings, caused vaso-dilatation of the dog’s penis. 
The increased blood flow could be decreased by the administration of 
atropine. He also showed that stimulation of the pelvic nerve after 
atropine had no influence upon the organ. Ostroumoff (314), Anrep 
and Czybulski (315), Piotroski (316), Langley and Anderson (229, vol. 
xix), and others failed to confirm these findings. 

RETRACTOR PENIS MUSCLE. The retractor penis muscle which is an 
active structure in the male rat, dog, cat, horse, hedgehog, and other 
animals has been used in studying the autonomic innervation of the ex- 
ternal generative system (246, 229 and others). In the female a corre- 
sponding muscle is the caudo-vaginal muscle (317). In early reports 
the muscle was considered to be a thin band of longitudinally arranged 
unstriated muscle, but this mistake was corrected by Fisher (318). In 
a medium size dog it is about 5 em. long with a diameter of about 3 mm. 
(318-320). The anterior ? of the muscle in the dog at least is com- 
posed of non-striated muscle, but the posterior 2 consists of equal 
amounts of non-striated and striated muscle fibres. Fisher was unable 
to find nerve ganglia in either the muscle or in its sheath. Fletcher de- 
scribes a superficial plexus formation on the surface of the muscle in 
which the fibres branch freely, but do not anastomose. Placed in close 
approximation to the fibres and most commonly at the nodal points of 
the plexus are numerous oval nuclei (10 to 13u by 3 to 5u) which (317) 
resemble those in the sheaths of the main nerve fibres. From the plexus 
formation fine branches pass inwards to form an intercellular network 
and according to Fletcher this network is very elaborate and close set, 
the muscle cells being embraced on all side by a labyrinth of the finest 
branches of nerve fibres. There is no evidence that special endings are 
present nor that nerve endings enter the muscle cell substance. 

The retractor penis muscle receives its autonomic innervation from 
nerve fibres in the lumbar and sacral nerve roots. According to Langley 
(229, vol. xix) the hypogastric originates in the dog and cat from the 2nd, 
3rd, and 4th lumbar nerve roots with some minor variations (see p. 522). 
In the hedgehog, Fletcher (317) observed the motor supply to be con- 
tributed by the 12th and 13th thoracic and upper two lumbars. These 
have a long post-ganglionic course by way of the gray rami to the upper 
lumbar nerves and the pudic nerves. From the pudic nerve the motor 
fibres reach the retractor both by the genito-anal branch and by the 
nervus dorsalis penis. The inhibitory autonomic fibres are derived from 
the upper sacral roots and are contained in the pelvic nerve. These 
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have a short post-ganglionic course from the first pelvic ganglion to the 
retractor muscle. 

It is agreed that stimulation of the upper roots of the sympathetic or 
the pudic nerve causes the vessels to become nearly empty and the re- 
tractor penis muscle contracts powerfully (229, 317, 319, 205, 321, 320, 
and others). Stimulation of the pelvic nerve, on the other hand, 
causes dilatation of its vessels and relaxation of the muscle (229, 307, 
317, and others). 

The results obtained upon the intravenous injection of epinephrine or 
its addition to the bath in which the segment of muscle is immersed con- 
firm the experiments on nerve stimulation. In all instances epinephrine 
causes powerful contraction of the retractor penis muscle which is more 
powerful than that obtained upon stimulation of either the pudic or 
sympathetic nerves. If the effect of epinephrine is tested again after 
the administration of ergotoxin, contraction is not observed but relaxa- 
tion usually results (320). Elliott (57) has shown that the denervated 
retractor penis muscle in the dog and rat is readily excited by epinephrine 
to stronger contraction. Here again are demonstrated both inhibitory 
and motor fibres in a single autonomic nerve trunk. 

The results obtained with those drugs commonly called parasympatho- 
mimetics do not conform to those obtained upon stimulation of the pel- 
vic nerve. Indeed, instead of getting relaxation of the muscle, by the 
administration of pilocarpine, muscarine or physostigmine, contraction 
is obtained (319, 278, 307, 320, and others). Atropine, true to form, 
acts antagonistically to pilocarpine. Only Botazzi (278) observed it to 
excite the muscle. Although it counteracted the effect of pilocarpine, 
it had no effect upon the results of pelvic nerve stimulation. 

Edmunds (320) used the anterior 3 of the muscle from the dog. This 
strip was immersed in a bath of Ringer’s solution and spontaneous rhyth- 
mic contractions, if not always present, were initiated by the addition of 
pilocarpine to the bath; if present they were strengthened. He never 
saw elongation of muscle as described by Botazzi (278). 

The point of action of these drugs is discussed in detail by Edmunds. 
Suffice it to say that pilocarpine still remained active when administered 
after ergotoxin and it therefore probably does not act upon the sympa- 
thetic neuro-muscular junction, but upon the muscle substance proper. 
In the light of Macdonald and M’Crea’s work (217), the question arises 
as to whether the retractor penis muscle is innervated by both inhibitor 
and motor parasympathetic fibres. If so, do the more powerful motor 
parasympathetic fibres in the pelvic nerve predominate over the weaker 
inhibitor fibres upon pilocarpine administration? 
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PROSTATE GLAND. Structurally, the prostate gland consists of glan- 
dular epithelium, connective and non-striated muscular tissue. The 
smooth muscle is disposed chiefly around the acini of the gland, about 
which it is arranged both longitudinally and circularly (323, 328). Im- 
bedded in the substance of the organ and in its capsule are numerous 
nerve cells and ganglia (16). The number of lobes in the gland varies 
with the species of animal. 

The function of the prostate gland is more complex in some animals 
than in others (324). Its musculature contracts during ejaculation, 
forcing its own secretion into the urethra, and aiding in the propelling 
of the seminal fluid along the urogenital tract. 

According to Fearnsides (283) the afferent channels to the prostate 
and prostatic urethra are related to the 10th, 11th, 12th thoracic roots 
and also the Ist, 2nd, and 3rd sacral nerve trunks. The efferent fibres 
are derived from the same nerve trunks as those of the bladder (see 
table 2). 

In 1863 Eckhard (246) determined what the autonomic innervation 
of the prostate gland was. He was able to produce ejaculation of pro- 
static secretion on stimulating the pelvic (nervus erigens) nerve. Con- 
tinuous stimulation, however, failed to produce further secretion. His 
observations indicated that the pelvic nerves supplied motor fibres to the 
smooth musculature in the gland but not secretory fibres to the glandu- 
lar portion of the gland. The hypogastric nerves carry both kinds of 
fibres, secretory and motor. 

His results were partly confirmed by Langley (228) who observed the 
prostate to behave like the uterus to stimulation of the sacral and lum- 
bar sympathetic nerves. In a later article, Langley and Anderson (229, 
vol. xix) reported contraction of the muscular sheath of the prostate 
gland in the dog upon stimulating the hypogastric nerve. Similar 
reports were later presented by a number of investigators (163, 211, 325). 

Mislawsky and Bormann (326) obtained only temporary secretion 
upon stimulation of the pelvic nerve. Stimulation of the hypogastric 
nerves caused a continuous secretion which they likened to the salivary 
secretion upon stimulation of the chorda tympani nerve. After cessa- 
tion of hypogastric stimulation, excitation of the pelvic nerve again 
caused secretion. They concluded that the pelvic nerves merely press 
out the secretion formed in the gland tubules by contracting the smooth 
muscle found in the gland itself. These investigators noted pilocarpine 
to excite the gland to secretion and this could be further augmented by 
hypogastric nerve stimulation. Atropine caused complete suppression 
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of the secretion induced by pilocarpine and subsequent stimulation of 
the hypogastric nerve had no effect. They maintained that atropine 
paralyzes the sympathetic nerve endings and that the prostate gland is 
devoid of parasympathetic terminals. 

Waddell (323) excised the prostate gland in a number of animals (rats, 
guinea pigs, cats, hogs, rabbits) and studied the effect of drugs upon 
these excised organs. Epinephrine caused contraction in all cases (114). 
Pilocarpine caused a shortening of the strip which could be antagonized 
by atropine in the rabbit’s prostate only. He concluded that the pros- 
tate possesses a motor parasympathetic as well as a motor sympathetic 
innervation. This work was later extended by Macht (327) using these 
same and other animals. Like Waddell, Macht observed contraction of 
the prostate gland when epinephrine was added to the bath in which the 
organ was immersed. If ergotoxin was first added and epinephrine 
added later, the action was purely that of relaxation. Except in the 
rabbit pilocarpine had no effect. He concluded that the prostate pos- 
sessed a true sympathetic innervation, but, of the animals studied, only 
the rabbit, if any, possessed a parasympathetic innervation of the 
prostate. 

CowPeEr’s GLANDS. ‘The innervation of Cowper’s glands is also by 
way of the hypogastric nerves (325), and according to Timofejew (330), 
they are both vaso-motor and secretory in function. 

CREMASTER MUSCLE AND SCROTUM. Very little information on this 
subject is available in the literature. Sherrington (243) has shown that 
excitation of the 2nd and 3rd lumbar anterior roots in the Rhesus mon- 
key throws the cremaster muscle into contraction. When the testicle 
is descended, it is raised on excitation of these roots. Langley and 
Anderson (229) have noted contraction of the cremaster muscle in the 
dog and contraction of the scrotum in the cat, dog and rabbit. They 
saw the cremaster muscle contract upon stimulation of genito-crural 
nerve. They also noted that epinephrine contracts these structures. 

INTERNAL GENERATIVE ORGANS. In referring to the internal genera- 
tive organs, we mean those organs which are not developed from the 
uro-genital sinus or from the surrounding skin, but from either the 
Miillerian or Wolffian ducts. In this group are included the ovaries, 
testes, uterus, vagina, fallopian tubes, vas deferens, and seminal vesi- 
cles (uterus masculinus). 

Testes. Stohr (16) believes the autonomic nerves for the testes 
originate in the 10th thoracic segment. These fibres pass through 
the coeliac, aortic and renal plexuses ultimately forming the spermatic 
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plexus and fibres from this plexus and that of the plexus deferens supply 
the testes. No ganglia have been shown to be present in the organ. 
Of what happens to these nerve fibres after reaching the organ appar- 
ently little is known. Retzius (329) and Timofejew (330) traced some 
of these fibres to the blood vessels around which they form a dense 
plexus. They also believed they traced a few fibres to the tubules, 
though the latter finding was not supported by Stéhr (16). Since these 
plexuses are formed about the blood vessels, it is natural to assume that 
these nerves are concerned with the vaso-motor responses observed in 
the organ. This inference is supported by the findings of Langley and 
Orbeli (252), working upon the frog. They noted that sympathetic 
stimulation caused contraction of the blood vessels of the testes in this 
animal and that the spinal roots concerned in the formation of this 
nerve were those of the 4th, 5th, 6th, and 7th. 

Takahashi (331) noted atrophy of the testicle in the guinea pig after 
either abdominal sympathectomy or removal of the inferior mesenteric 
ganglion. This degeneration was limited chiefly to the seminal epithe- 
lium. Marconi (332) showed a similar atrophy in the testes of a dog 
under like conditions. Lipschiitz and Vass (333) were unable to sub- 
stantiate these findings in the cat. However, their experiments are not 
conclusive since they removed only the lowest two lumbar ganglia and 
this procedure does not denervate the genital organs. In the light of 
Bacq’s (312) recent work this degeneration may be due to disuse, since 
such animals are able to copulate but are unable to eject semen. 

Sensory nerve endings which are connected with nerve fibers in the 
pudic nerve were observed in this organ (330). 

EpipipymMis. The same autonomic nerve branches supplying the 
testes also supply the epididymis (330, 334). 

VESICULA SEMINALIS OR UTERUS MASCULINUS. ‘These two names are 
frequently used interchangeably by some investigators, but they are not 
really the same. The uterus masculinus is called the vesicula prostatica 
by Krause (222), uterus masculinus by Parker (224), vesicula vasis 
deferentis by Rauther (514) and Gerhardt (515), and vesicula seminalis 
by Wolhynski (336). According to Langley and Anderson (229, vol. 
xix) cats and rabbits do not possess seminal vesicles in the true sense, 
having in their stead an enlarged uterus masculinus which is regarded 
by anatomists as the homologue of the seminal vesicle. According to 
Schifer (337) the uterus masculinus is the remains of the proximal end 
of the Miillerian duct, being a vestigial organ and the homologue of the 
uterus and vagina of the female. 
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The seminal vesicles in mammalia are described as being corrugated 
tubes having a thin wall composed of two layers of smooth muscle, an 
outer longitudinal and an inner circular (324, 338, 339). Enveloping 
the musculature is a fibrous coat containing many small ganglia (13, 16, 
260, 336, 340, 341). According to Stohr, in addition to the ganglia 
found in the adventitia, there are noted many nerve fibres and plexuses 
of nerve fibrils in the adventitia, muscularis, and submucosa. 

The contour of the organ varies in different species of animals. In 
the guinea pig it consists of two long almost straight tubes which are 
thick at the proximal end, but slender at the distal end; in the rat each 
vesicle is short, thick and sacculated. The uterus masculinus in the 
rat is relatively large, projects behind the posterior poles of the prostate 
and fills the space behind the gland and the ampullae of the vasa defer- 
entia. It opens into the floor of the urethra as in man and receives at 
that point the terminations of the seminal ducts. 

Starling (342) believes the seminal vesicles go into peristaltic contrac- 
tions during coitus but makes no reference to their behavior under other 
conditions than those accompanying sexual excitation. 

It is agreed that the seminal vesicles are innervated by the hypogastric 
nerves (229, 296, 339), and are associated with the plexus deferentialis, 
hemorrhoidalis and vesicalis (260). These nerves originate from the 
3rd, 4th, and 5th anterior lumbar roots in the rabbit and from the 2nd, 
3rd, 4th, and 5th anterior roots in the cat. Some of these preganglionic 
fibres end in the inferior mesenteric ganglion, but most do not end until 
they reach the seminal vesicles, terminating there in local ganglia and 
joining very short post-ganglionic fibres. These results were shown 
upon painting the inferior mesenteric ganglia with nicotine and stimulat- 
ing the sympathetic nerve fibres central to the ganglion and by cutting 
the nerve fibres and allowing them to degenerate before excitation of 
the nerve trunk. According to Langley and Anderson (229) the lumbar 
nerves cause in both rabbit and cat strong contraction of the whole 
musculature of the seminal vesicle, a view also held by Starling (322). 
Pallor independent of the contraction was also noted. The contraction 
of the seminal vesicle was strong enough to cause emission of semen from 
the penis. Unilateral stimulation of the nerve caused bilateral contrac- 
tion of the seminal vesicles, beginning on the stimulated side. In no 
instance did stimulation of the sympathetic cause vaso-dilatation of the 
vessels in this organ. 

The findings of these experimenters are supported by those of a num- 
ber of others who observed ejaculation without erection of the penis, 
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upon stimulation of the spinal cord or upon electric stimulation of the 
pre- and post-ganglionic fibres of the autonomic nervous system inner- 
vating the genital organs (229, 310, 311, 312, 343, 344). Langley and 
Anderson could find no evidence that the seminal vesicles are innervated 
by the pelvic nerves, and they concluded that the sacral nerves send 
neither inhibitory nor motor fibres to any of the internal generative 
organs. 

Stohr, however, does not agree. He believes fibres from the 2nd, 3rd, 
and 4th sacral roots from the pelvic nerves supply it. Their function 
however, is not given. 

The responses of this organ to sympathetic and para-sympathetic 
drugs do not confirm the physiological experiments in all details. Epi- 
nephrine causes contraction of the seminal vesicles in the rat and guinea 
pig (339, 345) and in the cat and rabbit (339, 57). The tone, rhythmical 
activity and the amplitude of contractions are increased by epinephrine. 
Although Waddell used ergot in his experiments, he made no mention as 
to the action of epinephrine following its administration. 

Pilocarpine, when added to the bath in which the segment of seminal 
vesicle of rat or guinea pig is contracting, produces a moderate increase 
in tone accompanied by a marked increase in rate and force of the con- 
tractions in the spontaneously active organ, and initiates rhythmical 
contractions in a quiescent organ. Atropine antagonizes this effect. 
Waddell concluded that the positive reactions obtained with these drugs 
show the presence of para-sympathetic motor nerve fibres. Similar 
findings were recorded in the uterus masculinus in the rabbit (339). 

THE SEMINAL DUCTS OR VAS DEFERENS. The vas deferens is the excre- 
tory duct of the testis and is a continuation of the epididymis. It begins 
at the globus minor and ascends along the back part of the testis on the 
inner side of the epididymis and passes with other structures in the 
spermatic cord into the pelvic cavity. At the base of the prostate it 
unites with the duct of the seminal vesicle to form the ejaculatory duct. 
The vas deferens consists of three coats, the outer of areolar fibrous 
tissue, the middle muscular and the inner mucous. The muscular coat 
consists mainly of two layers of unstriped muscle, the outer longitudinal 
and an inner circular, although some anatomists describe a third inner 
longitudinal layer, at the beginning of the duct (160) and other writers 
describe three continuous muscular coats (346). 

In the adventitia is found a nerve plexus as well as many ganglion 
cells, especially in the region nearest the prostate gland (16, 330). Some 
authors have described fine nerve plexuses in the muscles as well as in the 
sub-mucosa (347), but this has been denied by others (16). 
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Although Nagel (348) reports a single stimulus as causing an isolated 
contraction of the vas deferens and Loeb (349) observed, upon hypo- 
gastric nerve stimulation in the rabbit, no peristaltic activity, Fick (350) 
noted true peristaltic contractions in the organ when it was stimulated 
electrically and Budge (215) was able to confirm this work. In addition, 
the last observer studied the effect of stimulation of the spinal cord at 
different levels and also the effect of stimulation of the hypogastric nerve 
upon the organ. In all cases the hypogastric nerve was found to be a 
motor nerve. The results from the stimulation of the spinal cord at 
different levels caused him to place the reflex centre for contraction of 
the vas deferens between the 4th and 5th lumbar vertebrae in the rabbit. 
Both Marshall (324) and Starling (342) believed that the vas deferens 
undergoes peristaltic contractions during coitus. 

A detailed study of the origin of the nerve fibres supplying the organ 
was made by Sherrington (243), and Langley and Anderson (229). 
The former author found that stimulation of the anterior roots of the 
12th thoracic, Ist, 2nd, and 3rd lumbar caused contraction of the vas 
deferens in the Rhesus monkey, and in all instances the 2nd and 3rd 
lumbar nerves gave a maximum contraction. In the cat he observed 
contraction of the organ upon stimulation of the 3rd and 4th lumbar 
roots. He believed these fibres are found outside of the spinal canal in 
the genital branch of the genito-crural nerve. Langley and Anderson 
were unable to find a fibre for the vas deferens in the genito-crural nerve 
and believe this report of Sherrington’s was due ‘“‘to a slip of the pen.”’ 

In rabbits and cats Langley and Anderson (229, vol. xix) noticed strong 
contraction and pallor of the vas deferens upon stimulation of the 
2nd, 3rd, 4th, and 5th sympathetic lumbar nerve roots. The vas defer- 
ens, in contracting, shortened from one to three centimeters and they 
believed there could be no doubt that the contraction involved the 
longitudinal as well as the circular muscle coats. Similar views had been 
expressed by Schifer (342) and by Langley (228) in an earlier research. 
The branches of the nerve described above run through the sympathetic 
to the inferior mesenteric ganglia whence they proceed by the hypo- 
gastric nerves to the vas deferens. Langley and Anderson pointed out 
the fact that the accessory hypogastric nerve does not send fibres to the 
vas but that only the main hypogastric nerve contributes fibres to this 
organ. In two cats Elliott (57) was unable to arouse the urinary bladder 
into activity by stimulating the hypogastric nerves, but in these the 
excitation caused a striking contraction of the vas deferens. 

There seems little doubt that the sacral nerves (pelvic nerves) take no 
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part in the innervation of the vas deferens. Langley and Anderson were 
unable to show either motor or inhibitory nerve fibres to the vas present, 
in this region, upon varying the strength of electrical stimulation applied 
to the nerve roots. 

Pharmacology. The physiological experiments find support in pharma- 
cological ones only in the matter of the innervation of the organ by sym- 
pathetic nerve fibres. The failure to obtain contraction by electrical 
stimulation of the sacral roots is by no means confirmed pharamacologi- 
cally. Waddell (346) was the first to study the effect of epinephrine on 
excised segments of vas deferens in sheep, dogs, rabbits, rats, and guinea 
pigs and in a later article he added cats to this list. In all instances epi- 
nephrine caused an increase in the general tonus and an increase in the 
force of contractions in rhythmically contracting organs, and in those 
which were not spontaneously rhythmical it induced rhythmicity after 
first increasing the general tone. ‘These results were confirmed by 
Macht (345, 351), and by Macht and Cook (352) who added the organ 
of the opossum to the list. 

That the sympathetic nerves contain inhibitory fibres as well as motor 
was reported by a number of workers (346, 345, 351, 353). In all of 
these ergotoxine caused an increase in general tone and in some in- 
stances increased rhythmicity. Following ergotoxine, the organ always 
responded to epinephrine by a loss in general tonus and in most instances 
by an inhibition of the contractions (346, 345). 

The results obtained by the use of para-sympathico-mimetic drugs by 
the different authors agree in general (229). Waddell (346) and Macht 
(345), working independently, both showed that pilocarpine, and other so 
called para-sympathetic stimulatory drugs, increase the tone, rate and 
amplitude of contraction of the vas. In excised rats’, rabbits’, and cats’ 
vas deferentia pilocarpine produced rhythmical contractions in quiescent 
organs. Atropine on the other hand caused immediate relaxation and 
quiescence. 

Concerning these results, I should like to quote a few sentences from 
the authors themselves. Macht says “These findings show that the 
vas deferens is innervated by the sacral autonomic or para-sympathetic 
systems’’—‘‘As is well known certain drugs attack certain specific nerve 
endings and by the employment of such drugs, evidence as to the kind of 
innervation of those organs can be obtained which is as valuable as that 
derived from careful dissection and histological examination.’ And 
Waddell writes concerning the atropine effect—‘‘This of course indicates 
paralysis of the para-sympathetic motor apparatus by atropine.” 
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The experiments of Langley and Anderson may be added to support 
this view. They observed that atropine did not affect the sympathetic 
nerve endings. They injected huge doses of the drug, 50 mgm., intra- 
venously, and did not observe any signs of decreased activity in the 
motor effect of stimulation of the peripheral end of the hypogastric 
nerve. 

Gohara’s (353) findings and those of Macht and Cook (352) are a little 
more difficult to fit into thisscheme. The former experimenter observed 
atropine to cause an increase in general tonus contrary to what one would 
expect from the above reports and in these experiments a subsequent 
dose of epinephrine caused not contraction, as would be expected, but 
relaxation of the tone and disappearance of the contractions of the organ. 
He therefore argues that atropine depresses the motor sympathetics, 
an interpretation contrary to the findings of Langley and Anderson. 
Gohara believed epinephrine can cause either inhibition or contraction 
of the organ dependent upon the type of sympathetic stimulation, a fact 
already pointed out by other investigators. Although they made no 
mention of this fact, Macht and Cook published a record in which the 
tone of the vas, which had already been increased by the administration 
of physostigmine to the bath in which it was contracting, was decreased 
by the addition of epinephrine. 

The explanation of these conflicting results is probably to be found in 
fact discussed on page 502. As stated there, we learn that if the tone is 
already low, epinephrine causes contraction, but if the tone is high, 
it causes a relaxation of the organ. 

Although many workers (354, 320) explained a similar action of pilo- 
carpine as being due to its stimulation of the sympathetic nerve endings, 
their theory does not seem to fit this case since an administration of 
atropine antagonizes the action of pilocarpine, rendering it impotent yet 
has no effect whatever on the effects produced by stimulation of the 
sympathetic nerve endings. In some other organs, also, atropine fails 
to paralyze the motor para-sympathetic mechanism to nerve stimulation. 

CLITORIS AND LABIA MINORA. ‘The clitoris isan erectile structure in the 
female analogous to the corpora carvernosa of the penis in the male. 
The labia minora forms the prepuce of the clitoris (160). As far as can 
be determined from the literature, the origin of the autonomic nerve 
supply to the clitoris and labia minor is the same as that of the penis in 
the male. Suffice it to say that it possesses efferent motor and vaso- 
constrictor sympathetic nerve fibres and efferent inhibitor and vaso-dila- 
tor fibres. These fibres are derived from the hypogastric and internal 
pudic nerves. 
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These two structures are of particular interest to the research student 
because of the development of sensory nerve endings and nerve plexuses 
(16, 334, 355-362, and others). Vater-Pacinian bodies which have been 
described by all investigators and which Ohmara (334) believes develop 
post-natally, reaching their full development at the time of puberty, are 
the sensory nerve endings most actively studied and of greatest interest. 

Ovary. The ovary derives its innervation from the lumbar sympa- 
thetic through the ovarian plexus (plexus spermaticus) (16) or hypogas- 
tric plexus and from the sacral roots in the plexus sacralis (363, 364). 
The presence of ganglia of sympathetic origin in the hilus has been de- 
scribed by a number of men (364, 365-367). Others have described 
plexuses of nerve fibres about the blood vessels in the organ (252, 365, 
366, 368). Still others have described what they call follicular nerves, 
i.e., nerves which penetrate the membrana granulosa and end in the 
Graafian follicle (366, 367, 369, 370), but confirmation of the last findings 
are denied by Retzius (371) and Mandl (368). Retzius studied the 
ovaries of cats of different ages. In these he never saw nerve fibres 
penetrate into the epithelium of the follicle and declares the positive 
findings to be artifacts. 

In a later research he reported having noted that the follicular nerve 
fibres pass to the epithelium of the granulosa, but never into the follicle. 
These nerves form a fine network about the young follicles and a dense 
rich network around the adult follicle. He believes they innervate the 
smooth muscle stroma of the follicle and have no relation to its secretion. 

His findings are supported by those of Lhermitte and Dupont (372) 
who noted the innervation of the ovary to be of little importance in re- 
production and ovulation. Kraul (363) believes that the ovary is not 
only under the influence of the hormones but also under the influence of 
nerve impulses. He believes the parasympathetic nerves hasten the 
maturation of the follicle, since daily injections of pilocarpine in rabbits 
caused an acceleration of maturation, and that, on the other hand, the 
sympathetic nerves inhibit the maturation of the ovum since daily doses 
of epinephrine delayed its maturing. Hinsey and Markee (517) noted 
the fact that ovulation could be induced in female rabbits following the 
injection of human pregancy urine in the complete absence of the vis- 
ceral afferent and efferent vagal pathways to the ovary, and of those 
nerve fibres which pass to and from the thoraco-lumbar and sacral 
segments of the spinal cord to the ovary. From their results the pres- 
ence of intact nerve fibres to the ovary does not appear necessary for 
ovulation. 
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Investigators studying the innervation of the ovary have devoted 
most of their attention to the question as to whether or not the develop- 
ment of ovarian follicle is dependent upon its autonomic innervation. 
The vaso-motor nerves apparently have received very little study. Al- 
though Langley and Anderson (229) report in their introduction that 
they made observations on vasomotor changes in the testes and ovaries, 
a careful reading of their article reveals no reference to this point. In 
the frog Langley and Orbeli (373) were able to show that sympathetic 
stimulation (stimulation of the 4th, 5th, 6th and 7th spinal nerves) 
caused constriction of the blood vessels in the ovary. 

FALLOPIAN TUBE. ‘The fallopian tubes or oviducts convey the ova 
from the ovaries to the cavity of the uterus. They are made up of three 
coats, the outer serous, the middle muscular, in which the outer layer is 
longitudinally arranged and the inner circularly disposed, and the inner 
mucous. The greatest bulk of the organ is made up of smooth muscle 
which undergoes periodic rhythmical contractions. 

The autonomic nerves of the fallopian tubes are received in part from 
the ovarian plexus and in part from Frankenhauser plexus (utero-vagi- 
nalis) (16, 374-376). According to Langley and Anderson (229) the sym- 
pathetic fibres are derived from the Ist to the 5th lumbar roots in both 
rabbits and cats. Nearly all of these fibres proceed to the inferior mes- 
enteric ganglion and thence to the organ by way of the hypogastric 
nerves. Kok (375) confirmed these observations. 

The nerve fibres enter the adventitia and form there a dense network. 
Smaller fibres pass into the muscular layer where they form a very fine 
intramuscular nerve plexus (16, 360, 374, 367, 377-379). In some cases 
these fibres appear to penetrate the submucosa and even the mucosa 
itself (16, 374, 377). These nerve plexuses appear not only about the 
longitudinal and circular muscle cells, but they also surround the muscles 
of blood vessels as well (16, 374, 229). In all cases the efferent fibres ap- 
parently terminate with no special end structures, but as bare nerve 
endings (360). 

The majority of experimenters (360, 16, 359) were unable to demon- 
strate ganglia in the tubeitself. Roith (380) and Gawronsky (381) noted 
them to be present near the organ in the broad ligament (or meso- 
salpinx). 

Sensory nerve end organs (Pacinian bodies) were observed in the tubes 
(382-383) and the fibres from these end organs pass to the cord by way 
of the last two thoracic and first lumbar roots (13, 374). These sensory 
organs are most abundant in the third of the tube nearest the fimbria 
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and Harting thinks they may be concerned with reflex production of 
peristaltic activity in the organ. 

According to Langley and Anderson (229), stimulation of the lumbar 
nerves in rabbits and cats has two effects on the fallopian tube; it causes 
vaso-constriction, leading to pallor of the organ and it causes contraction 
of the whole musculature. The contraction involves both the longi- 
tudinal and circular layers. In the frog Langley and Orbeli (252, 373) 
observed contraction of the blood vessels in the oviduct, upon stimulation 
of either the sympathetic nerve trunk or its branches, 4th, 5th, 6th, and 
7th spinal nerves. Elliott (57) also observed contraction of the fallopian 
tubes upon sympathetic stimulation. 

Langley and Anderson could find no efferent fibres passing from the 
pelvic nerve (nervus erigens) to the fallopian tubes. 

Pharmacology. The results with epinephrine support the theory of 
sympathetic motor innervation of the organ. Epinephrine causes con- 
traction of the fallopian tube (57, 384). This contraction may take the 
form of an increase in tone alone or in conjunction with an increase in the 
rate and force of contraction. In some quiescent segments it initiates 
rhythmical responses. In the rabbit, Gohara (353) observed inhibition 
of the activity of the tube (decreased tone and decreased pendular move- 
ments) with small doses of epinephrine, but increased tone and activity 
with larger doses. In testing the action of the para-sympathetic stimu- 
lating drugs upon this organ, he found that atropine relaxed an organ, 
the tone of which had been increased by a dose of epinephrine, but con- 
tracted an organ to which no epinephrine had been added. It therefore, 
appears that in this organ epinephrine and atropine act antagonistically 
and atropine acts here upon the sympathetic nervous system. These 
findings are in keeping with those of Mislowsky and Bormann (326) 
who observed hypogastric nerve stimulation ineffective on the prostate 
gland following the injection of atropine. Gohara found pilocarpine 
ineffective. 

Kok (375) working upon rabbits and cats came to an opposite con- 
clusion. Although acetyl-choline had no effect upon a quiet tube, atro- 
pine caused relaxation of a contracting one. Epinephrine he found, 
contrary to the findings of Elliott (57), caused relaxation and cessation 
of activity in a previously active tube. He concluded, therefore, upon 
rather flimsy evidence, that the sympathetics relax the circular muscle 
and cause interruption of movement and that the sacral autonomies 
increase muscle tone and cause muscle contraction. 

RouND LIGAMENT. ‘The round ligament of the uterus like the uterus 
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itself, undergoes spontaneous rhythmical contractions. In the monkey, 
Sherrington (243) saw an extremely short and striking contraction of the 
round ligament upon excitation of the 12th thoracic and the Ist, 2nd, and 
3rd post-thoracic nerve roots. In 17 out of 27 cats he saw a similar 
response upon stimulating the 3rd and 4th lumbar roots. These nerve 
fibers he found passed into the genito-crural nerve and thence into the 
genital branch. The contraction was so quick that he could not believe 
it of non-striated muscle. Microscopic examination showed it to be 
striated muscle of ordinary appearance. 

Rainey (385) in 1848, pointed out that the human round ligament con- 
sists largely of muscle tissue of the striated type. 

Junkmann and Strass (386) observed the round ligament in the cat to 
behave as does the uterus. It has, they say, spontaneous tone and activ- 
ity. This activity was not observed in the round ligament of the rabbit. 
Epinephrine inhibits the tone of this structure in the cat and causes 
tonus and rhythmical contractions to appear in the rabbit round 
ligament. 

EJACULATORY DUCT. Since the ejaculatory ducts are merely the con- 
tinuation of the vasa deferentia and are structurally the same, no sep- 
arate discussion is needed in this report. Suffice it to say that the reac- 
tion of these is the same to autonomic nerve stimulation as is that of the 
vasa deferentia. 

VAGINA AND UTERUS. Many investigators in discussing the auto- 
nomic innervation of these two organs discuss them as though they were 
one because they believe their reactions to nerve stimulation identical. 
That this is by no means true has been shown by numerous experi- 
menters who have reported opposing actions in the two organs upon 
stimulation of the same nerves and upon the injection of the same chemi- 
cals in the common experimental animals. We will, therefore, discuss 
them separately in this review. 

Vacina. The vagina extends from the vulva to the uterus. It con- 
sists of an internal mucous lining, a smooth muscular coat and, between 
these two layers, erectile tissue. The muscular coat consists of an outer 
longitudinal layer of muscle and an inner circular layer. The longitu- 
dinal fibres are continuous with the superficial muscular fibres of the 
uterus. The two layers of muscle are not distinctly separable from each 
other, but are connected by oblique fibres which pass from the one to 
the other (160). 

Upon histological examination many fine bundles of nerve fibres are 
seen in the adventitia of the vagina which form a nerve plexus about the 
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vaginal wall. In the serosa of the upper two-thirds of the vagina a num- 
ber of multipolar ganglion cells are distributed (359, 360, 380, 387-389), 
some isolated, others in groups. According to a number of investigators, 
fibrils from these ganglia pass to the muscular coat where an intramuscu- 
lar plexus is formed. Other fibrils pass to the submucosa and build 
there a finer nerve plexus. It has also been reported that some of the 
fibrils pass from this plexus into the mucosa of the vagina proper (16, 
358, 359, 377). Afferent end organs have been observed by Krause (222) 
and Kolliker (17). These have the structure of the Vater-Pacinian 
bodies. 

Kehrer (390) studied the movements of the vagina in situ in laparot- 
omized rabbits. He observed longitudinal and transverse contractions, 
peristaltic and anti-peristaltic in type, but at that time its automoticity 
was not deduced. 

Other investigators believed the autonomic nerve fibres to the vagina 
can be influenced reflexly and that there exists in the lumbar spinal 
cord between the 5th and 7th lumbar vertebrae, a centre for rhythmic 
contraction of the organ (285, 388, 390). Another view commonly held 
by experimenters is that the vaginal musculature is automatically 
rhythmical, but that it can be influenced by reflex stimulation of sen- 
sory fibres in other parts of the body through this central mechanism 
(388, 393, 243, 391, 392). 

The origin of the parasympathetic and sympathetic nerves of the vagina 
and their action upon it. In most cases, it is impossible to tell from his 
article whether a writer is speaking of the lower or upper ends of the 
organ. Since it is generally agreed that the two ends differ somewhat in 
their response to hypogastric and pelvic nerve stimulation, this lack of 
conciseness may be largely to blame for the failure of various experi- 
menters to agree with one another. Fellner (394) observed contraction 
of the organ when the hypogastric nerves were stimulated but relaxation 
upon excitation of the pelvic nerves. The effect upon the rhythmical 
contraction of cutting certain roots to the vagina was studied by Kehrer 
(390) in 1864. Upon severing the sacral roots to the hypogastric plexus 
he noted that the rhythmical contractions cease. On the other hand, 
extirpation of the hypogastric plexus, cutting the internal spermatic 
nerve and the anterior uterine nerve did not influence its activity. He 
also observed contraction of the vagina upon electrical excitation of the 
sacral roots even in dead animals. The upper two-thirds of this organ 
are supplied by fibres from the plexus utero-vaginalis and the lower 
third by fibres from the plexus pudendus. Fibres are also contributed 
by the 2nd, 3rd, and 4th sacral nerves (16). 
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In the cat, Sherrington (243) noted that stimulation of the 8th and 
9th sub-thoracic roots caused strong contraction of the orifice of the 
vagina. In the monkey he found this structure innervated by fibres 
from the 7th, 8th, and 9th sub-thoracic nerve roots. This action he 
observed to be bilateral but the tissue on the stimulated side always re- 
sponded more strongly than that on the opposite side. When the orifice 
was cut in the median line, only homolateral responses were observed 
upon similar excitation. Gunn and Franklin (395) could find no clear 
differentiation in action between the vagina and the sphincter of the 
vagina to efferent nerve stimulation. In his early investigations, Langley 
(228) reported that the lower portion of the vagina in rabbits could be 
made to contract and occasionally to dilate on exciting any part of the sym- 
pathetic chain from the 2nd lumbar to the 4th sacral ganglion. As a rule 
the stimulation caused vaso-constriction but once in a while a slight vaso- 
dilatation of the mucous membrane was observed. After the injection of 
10 mgm. of nicotine, stimulation in the lumbar region had no effect on the 
vagina, while stimulation of the sacral chain still caused contraction 
even after huge doses of nicotine had been given. He, therefore, con- 
cluded that the sympathetic fibres to the vagina were connected with 
nerve cells in the sacral sympathetic ganglia; and the fibres run from the 
ganglia up the gray rami communicantes to the sacral nerves, leaving 
only a few to pass by way of the hypogastric nerves. He observed that 
stimulation of the sacral nerves in the spinal canal also caused either 
contraction and pallor or dilatation (inhibition) and flushing of the 
vagina. Upon stimulation of these nerves dilatation and flushing were 
much more marked than the similar reaction to stimulation of the sym- 
pathetic nerves. Dilatation and flushing were the most noticeable 
effects seen upon stimulation of the 3rd and 4th sacral nerves and con- 
traction and pallor that of the Ist and 2nd sacral nerves. Langley, how- 
ever, believed that each sacral nerve could produce all possible effects. 
At the time of his early publications he believed the sacral nerve fibres 
to the lower part of the vagina were connected with nerve cells placed in 
or close to its walls. Ina later article, Langley and Anderson (229) show 
that the vagina in cats and rabbits is innervated by efferent nerve fibres 
from the 2nd, 3rd, 4th, and 5th lumbar roots only, the sacral contributing 
no fibres to this organ. These fibres run by the white rami communi- 
cantes to the sympathetic, and nearly all of them run then to the inferior 
mesentric ganglia. From the inferior mesenteric ganglia they proceed to 
the hypogastric nerves. ‘The efferent fibres are motor to the muscular 
wall and the effect is more constant in the rabbit than in the cat, though 
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in both it varied with the state of the organ with regard to parturition. 
Stimulation of these lumbar nerve roots caused slight contraction and 
pallor of the vagina. In no part of their course to the vagina do these 
nerves have any inhibitory or vaso-dilator action on the organ. Starling 
(342) reports similar results but limits the origin of the nerves to the 3rd, 
4th, and 5th anterior roots. 

That the vagina of the non-pregnant and pregnant cats may not 
respond in the same way to hypogastric nerve excitation was first 
pointed out by Kehrer (391) in 1907. Ina nongravid cat he reported an 
effect similar to that of hypogastric excitation on the uterus, i.e., relaxa- 
tion and inhibition of the organ. Inhibitory as well as motor fibres were 
believed to be present in the sympathetic nerve trunk by Falk (396). 
He based his opinion upon experiments on dogs and rabbits in which 
prolonged stimulation of the nerve caused relaxation of the organ follow- 
ing a period of contraction. This change he believed was due to a 
fatigue of the motor nerve fibres which permitted the action of the in- 
hibitory mechanism to become visible. He noted that the parasympa- 
thetic system is motor in character. 

The strongest supporters of the theory that the uterus and vaginado 
not behave alike when excited by electrical stimulation of the sympa- 
thetic nerves are Gunn and his collaborators (395, 397). As it is gener- 
ally conceded that in the cat, guinea pig and rat the sympathetic nerve is 
inhibitory to the non-pregnant uterus, the question as to whether it is 
also inhibitory to the vagina was raised by them, since there is no other 
innervation to this organ. From earlier evidence they had come to the 
conclusion that the sympathetic nerve is not inhibitory to the vagina. 
They believed that during coitus, which occurs in the non-pregnant con- 
dition, contraction of the vagina occurs under nervous influence even 
though the only efferent nerve supply that the organ receives is through 
the sympathetic system. There appeared therefore grounds for suppos- 
ing that in these, and indeed in all animals the sympathetic innervation 
of the vagina must be motor at least in the non-pregnant animal, regard- 
less of whether it is motor or inhibitor in the uterus of the same animal 
when pregnant. 

In every experiment upon excitation of the sympathetic in the rabbit, 
cat, rat, and guinea pig, they observed contraction of the vagina even 
though at the same moment the same excitation was causing in some 
cases relaxation and in others contraction of the uterus. This motor 
response to sympathetic stimulation or to epinephrine involving both 
longitudinal and circular muscle coats they found more marked in the 
half of the vagina nearest the vulva. See table 5. 
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Van Dyke (398) studied the effect of ergotoxin upon sympathetic 
stimulation of the vagina in cats. The normal responses he obtained, 


TABLE 5 


A table showing the responses of the gravid and non-gravid vaginas of experimental 
animals to hypogastric and pelvic nerve stimulation and to epinephrine 


C contraction, R relaxation, C — R contraction followed by relaxation, 0 no 
response. 
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confirmed the findings of Gunn. However, after ergotoxin, stimulation 
of the hypogastric nerve no longer caused contraction but caused either a 
relaxation followed by contraction or a complete relaxation of the organ. 
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His findings also supported the inferences of Falk (396) who believed 
the hypogastric nerve contained motor as well as inhibitory fibres for 
this organ. 

Pharmacology. There can be little doubt from the reports just pre- 
sented that the sympathetic innervation of the vagina is motor in all 
animals, regardless of what its action upon the uterus is (395). That it 
also possesses an inhibitory sympathetic nerve supply cannot. be denied 
(396, 398) and also that this inhibitory reaction may predominate over 
the motor effect in some animals (391). In addition to the sympathetic 
nerve supply, the vagina receives, according to some experimenters, a 
motor parasympathetic nerve supply (396, 398). 

The results gathered from experimentation with certain drugs upon the 
vagina confirm the physiological and anatomical findings. Divergent 
results were obtained upon the same species of animals by different 
investigators using the same methods and the same chemical compounds. 
Waddell (399) employed longitudinal and transverse segments of the 
vagina from a number of species of animals. In all cases these sections 
of excised vagina showed spontaneous rhythmic contractions when 
suspended in oxygenated Tyrode’s solution at body temperature. In 
the case of the vaginas of the rabbit, dog, hog, and sheep, the addition of 
epinephrine to the bath caused increased general tone and rate of 
contractions, but decreased amplitude at the tone climax. In the 
vaginas of cats, rats, cows, and guinea pigs, epinephrine caused marked 
depression in tone and rhythmicity in small doses and complete quies- 
cence with subnormal tone in large doses. 

These latter results were immediately contradicted by Gunn and Da- 
vies (397) and by Gunn and Franklin (395). In the isolated vaginal 
muscle of the non-gravid cat, rat, and guinea pig, Gunn and Davies ob- 
served contraction of the organ when it was under the influence of epi- 
nephrine even though the uterus relaxed. This response was the same 
whether isolated longitudinal or circular muscle segments were used. 
When a series of rings was employed the motor effects were greatest in 
those cut from that part nearest the vulvar orifice. Gunn and Franklin 
were able to show a similar response of the vagina in situ in cats, guinea 
pigs, and rats upon the intravenous injection of epinephrine. 

That the sympathetic nerves contain inhibitory as well as motor fibres 
was demonstrated by Waddell (399). After paralyzing the motor sym- 
pathetic endings by the administration of ergotoxin he found that epi- 
nephrine caused relaxation of the vagina instead of contraction, thus 


confirming the observation of a number of other observers (228, 396, 
398). 
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There is also some pharmacological evidence to the effect that the 
vagina receives parasympathetic nerve fibers although at present the 
results of these experiments are looked upon with considerable skepticism. 
Physostigmine and pilocarpine were seen by Waddell to increase the tone 
and amplitude of contractions of the rabbit’s and rat’s vaginas. Subse- 
quent doses of atropine completely antagonized their effects. These 
findings with atropine do not agree with those of previous investigators 
(392, 388), who observed contraction of the vagina of cats, dogs, and 
rabbits upon the addition of this drug to the bath. Kehrer (391) work- 
ing with dogs’ and cats’ vaginas noted three effects dependent upon the 
concentration of the drug; small doses of atropine increased the strength 
of contractions, moderate doses were followed by a rise in tone and then 
by a decline, and large doses either increased the tone and simultane- 
ously decreased the amplitude of the contractions or caused relaxation 
of tone with a high amplitude of contraction. 

In the light of the experiments of Langley and Anderson (229) which 
to my knowledge have not been repeated, it is evident that pilocarpine 
and atropine must act either upon the hypogastric nerve endings or upon 
the muscle directly. Both of these views have had supporters in the 
literature, but neither of them is founded upon firm experimental evi- 
dence. We believe it possible, however, to state at this time that the 
autonomic innervation of the vagina is certainly by way of the lumbar 
sympathetics which send both motor and inhibitor fibres to this organ 
and that the response is independent of the action upon the uterus. 
Whether the vagina is or is not innervated by the pelvic nerves has not 
been proved conclusively. Certainly much of the confusion in the 
literature is probably due to the loose usage of the term vagina, and no 
doubt also partly due to the condition of the tissue at the time of stimula- 
tion as well as due to the anesthesia employed. 

BARTHOLIN GLANDS. According to Frankenhiuser, the Bartholin 
glands are innervated by the pudic nerve. Barrington (325) studied 
the secretion of mucin by the Bartholin glands in cats, guinea pigs, and 
rats. In cats he noted that stimulation of either the pelvic or hypogas- 
tric nerves caused secretion. This reaction occurred after a long latent 
period, and the activity of the gland continued for some time after cessa- 
tion of stimulation. Excitation of the pudic nerves caused an instan- 
taneous flow of mucin with practically no latent period but this flow 
ceased shortly though the stimulation was maintained. He believed 
this response was caused by the contraction of the smooth muscle within 
the gland itself, and he concluded that the Bartholin glands are inner- 
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vated by true secretory nerve fibres which have their origin in the auto- 
nomic nervous system. 

THE UTERUS. In 1848, Tyler-Smith (400) described the uterus as the 
most important organ of the animal when he said, “It supports the race 
in the same way that the stomach and heart support the individual.” 
Certainly no single organ in the body has been studied as thoroughly by 
experimenters with more conflicting results and opinions concerning its 
action and even its innervation. The great discrepancies in the results 
are not to be wondered at because results obtained in one set of experi- 
ments on a group of animals have been summarily assumed to be true of 
an entire species of animals, or even of all species of animals. Some of 
the factors which have no doubt greatly influenced the results and which 
have not been considered nor controlled and unified in the experiments 
are: condition of the animal at the time of experimentation, species of 
animal, anesthesia—kind and depth,—doses of drugs injected, rate of 
injection, excised and intact tissues, actual preparation of tissue, con- 
tact with foreign materials in the process of preparation, dimensions of 
strip used, exposure to varying degrees of temperature, duration of time 
between excision and use, chemical content of bath, pH of bath, tem- 
perature of bath and a host of others. 

As early as 1865, Korner (401) warned against applying the results ob- 
tained with experiments performed on dead animals or excised tissues to 
those obtained on the intact tissues of normal animals, and Rohrig (402) 
repeated this warning when he stated that experiments performed upon 
excised tissue are not necessarily physiological. However, the results if 
properly obtained even though applicable only to a specific case do give 
considerable physiological information and also some clue as to the possi- 
ble effects of chemical substances or nerve excitation, in the intact organ 
in the normal animal. 

Roughly speaking the human uterus resembles a pear which is flat- 
tened anterio-posteriorly. It is retained in its position by the round and 
broad ligaments on each side. It consists of two unequal parts; an upper 
triangular portion, the corpus, and a lower cylindrical portion, the cervix. 
The entire posterior wall is covered by peritoneum. ‘The organ itself 
is composed of three coats; an external or serous coat, a middle or muscu- 
lar coat and an internal or mucous coat. The major part of the uterus is 
made up of bundles of non-striated muscle, which are united by a greater 
or lesser amount of connective tissue in which are found many elastic 
fibers. A great deal of work has been done upon the arrangement of the 
musculature of the organ. Bayer (403), Kreitzer (404) and Veit (405) 
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attempted to distinguish two layers in the human, while Ribemont- 
Dessaignes (406) was unable to make out definite layers of muscle bun- 
dles. All admit that the greater part of the uterine wall is made up of 
a mass of muscle which is perforated in all directions by blood vessels and 
in which it is impossible to make out any definite arrangement of muscle 
fibres. Da Costa (160) describes, in his text book of anatomy, three 
muscle layers, external, middle and internal. The external layer is a 
thin band of muscle tissue placed beneath the adventitia on the dorsal 
and ventral sides of the organ and is primarily connected with the liga- 
ments of the uterus and fallopian tubes. The middle layer of fibres 
which is thickest, presents bundles of circular muscle fibres closely con- 
nected with blood vessels. ‘The circular fibres about the internal os form 
a distinct sphincter. The internal or deeper layer consists of longitu- 
dinal fibres which are continuous with the superficial fibres. In experi- 
mental animals, cats, dogs, rabbits, guinea pigs, etc., a bicornate uterus 
is found (407). In these, two very definite layers of muscle can be de- 
tected, an outer circular and an inner longitudinal. 

The uterus like other internal generative organs is supplied with a 
dense nerve plexus in its adventitia. Some of these fibres penetrate 
the muscular layer forming an intra-muscular network. Usually these 
fibres run parallel to the blood vessels and some penetrate smooth mus- 
cle cells of the blood vessels and uterus and form a fine fibrillar network 
(238, 408, 389, 16, 367). As far as can be determined these fibres end as 
bare nerve endings (369). Frankenhduser (22) and Elischer (410) 
believed they traced the fibres into the muscle cells, and into the nucleus 
where they ended in the nucleolus. These observations are doubted by 
Stohr (16) upon reasonable grounds we believe, since he could not find 
such fibres. He believed that since the old methods of staining were 
inferior to the newer ones and that the microscopic equipment used at 
that time was inferior to the modern microscope, the opinions of these 
earlier workers must have been based on artifacts. 

Although a number of observers (411, 377, 412) described nerve fibres 
and even nerve plexuses in the submucosa and mucosa, Stohr (16) was 
unsuccessful in his search for such nerve elements and therefore doubted 
their presence. 

The belief is generally held that there is no foundation for the assump- 
tion of an intra-mural system of ganglia and that there are only cervical 
ganglia present in the region of the cervix uteri (16, 359, 401, 413-417). 
Other investigators (377, 389, 391, 408, 409) agree that there are cervi- 
cal ganglia present but they think that there are others also. In the 
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uterus of the sheep and calf, Késtlin (377) describes ganglion cells in the 
mucosa, Kehrer (391) noted ganglion cells in the submucosa, Keiffer 
(389), Hoogkamer (408), and Gawronsky (381) described a complicated 
system of sympathetic ganglia and nerve trunks in the muscular wall 
of the uterus. These results have not been confirmed by more recent 
investigators (414, 359, 16) and therefore are probably erroneous. 

Stéhr (16) noted a large number of ganglia present in Frankenhiuser’s 
plexus or the plexus utero-vaginalis and usually also in the neighborhood 
of the cervix uteri. Occasionally instead of finding a number of ganglia 
bordering the cervix only one large ganglion, the cervical uterine, was 
found. 

The cervical ganglia are at the level of the internal os, according to 
Gemmell (413) who described multiple ganglia posterior to the uterine 
artery and a little distance from the uterine wall. Both extra-mural 
and juxta-mural ganglia were described by Naiditsch (414). The extra- 
mural ganglia contain from 40 to 100 nerve cells each, while the juxta- 
mural ganglia rarely have more than 10 to 15 cells per ganglion. He 
never noted ganglion cells in the wall of the uterus or in the mucosa. 
Nerve fibres pass from these ganglia into the body of the uterus itself. 

Influence of central nervous system. Harvey (418) observed peristalsis 
in the exposed uterus of a pregnant dog and maintained that the con- 
tractions of the uterus delivered the child “propria ab uteri vi.” He 
therefore disagreed with Hippocrates that the child delivers itself by 
placing its feet against the fundus of the uterus and the head against the 
cervix and pushing, thus tearing the bladder and widening the vagina 
and vulva. Harvey’s observations were confirmed by Venette (419) in 
the dog and supported by those of Graaf (420) in the rabbit. 

Many observers found the uterine activity dependent upon impulses 
from the central nervous system inasmuch as stimulation of the cerebrum 
(5, 401, 421-427), the cerebellum and the medulla oblongata (5, 401, 
428) and the spinal cord (422, 425, 426) caused increased tone and rate 
and amplitude of the contractions of the uterus. The existence of cere- 
bral control of the uterus was acclaimed by Barbour and Copenhaver 
(429) after subjecting by a special method a part of the cerebral cortex 
and basal ganglia of a rabbit to the influence of cold and heat. Ina 
pregnant animal, they observed the fact that cerebral cooling caused 
diminution in the volume of the uterine cavity with a tendency to in- 
crease the amplitude and the frequency of the contractions. Acconci 
(411) believed the central nervous system acted as a control to regulate 
the rhythm of the contractions. Falk (396) reported the fact that the 
cerebrum inhibited uterine contractions. 
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Other observers were impressed by the importance of the spinal cord 
in uterine contractions and were convinced that there was a centre in 
the lumbar region (5, 189, 308, 423, 430-433). Goltz and Freusberg, 
observed a female dog with her spine severed at the Ist lumbar vertebra 
pass through a period of heat, become pregnant and give birth to a living 
pup. A similar case was reported by Brachet (308). Friedenrich and 
Nasse (433) reported an instance of a young woman who, though she 
suffered a complete paralysis of the extremities, due to the fracturing of 
her 3rd and 4th cervical spines, gave birth to a dead fetus 2 days later. 

Reflex centre. Perhaps the most important function of the cerebral 
spinal nervous system in respect to the uterus, is that it contains centres 
for reflex action. Any afferent nerve stimulation if sufficiently painful 
will cause contraction of the uterus (5, 396, 434, 435). Falk (396) has 
shown that stimulation of the central cut ends of the crural, sciatic or 
axillary nerves causes contraction of the uterus and a like change is 
caused by stimulation of the mammae (435), skin, serosa and mucosa of 
the stomach and intestine, and clitoris. It has also been demonstrated 
that these reflexes can be interrupted by destruction of the spinal cord 
from the 11th dorsal to the 4th sacral. 

That the uterus can contract rhythmically independently of the cen- 
tral nervous system was shown by a number of men (182, 276, 411, 
436-441). 

Vagus nerve. A number of men (181, 256, 396, 421, 426) believed 
they were able to demonstrate motor nerve fibres for the uterus in the 
vagus nerve. Usually the experimental animals employed were rabbits, 
guinea pigs, and cats. In all cases stimulation of the distal end of the 
cut vagus caused contraction of the uterus. Kilian (421) was able to 
show that excitation of the central end of the cut vagus in the cat caused 
increased activity of the uterus. His findings were at once disproved by 
Spiegelberg (428), Frankenhauser (22), and Obernier (431). In a more 
recent article Falk (396) observed strong contraction of the uterus upon 
stimulation of the peripheral cut end of the vagus. This is, however, 
not conclusive evidence that the vagus supplies the uterus with motor 
fibres because no effort was made to maintain a normal blood pressure 
during the experiment. Inasmuch as excitation of the peripheral stump 
of the vagus causes slowing of the heart and fall in blood pressure, the 
change in the uterus may have been due to an asphyxia thus produced. 

Hypogastric nerve (nervi uterini). It has commonly been said that all 
the motor fibres reaching the uterus are derived from the sympathetic 
system (lumbar cord) and that the pelvic nerves (sacral roots) send no 
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branches to this organ. In the early literature both sympathetic and 
parasympathetic fibres were described as influencing the activity of the 
organ, but since the latter part of the last century, the sympathetic alone 
has been regarded by most investigators as being both motor and inhibi- 
tory. Within the last 25 years, sufficient evidence has accumulated to 
compel one to admit that the pelvic nerves may be influential in uterine 
activity. In 1772, Eustachius (442) taught that the sole motor innerva- 
tion to the uterus was derived from the sympathetic nervous system and 
indeed, that portion of the sympathetic system derived from the lumbar 
ganglia. His findings receive support in the works of Longet (296) 
and Dahl (359). Reil (443) and Valentin (5) viewed the spermatic and 
hypogastric nerves as those supplying fibers to the uterus. The sym- 
pathetic nerve was thought by Scanzoni (444) to act merely as a regula- 
tor of uterine contractions. Since the writings of these earlier men a 
number of conflicting theories have appeared in the literature concerning 
the influence of the hypogastric nerve upon the uterus. Some of these 
opinions are: that it may have no effect upon the organ, (308, 421); it 
may inhibit the contractions of the longitudinal muscle from the body 
of the uterus to the vagina and the circular muscle in the cervix (394); 
it may be either motor or inhibitory in certain animals depending upon 
the condition of the organ (354, 242, 391); it may cause stimulation only 
(5, 425, 44, 426, 428, 401, 430, 22, 448, 390, 424, 229, 391, 396); it may 
be motor for both the circular muscle of the body of the uterus and va- 
gina and longitudinal muscle of the cervix (394); it may be only sensory 
(445); it may be both sensory and motor (229, 390, 396), and finally it 
may be vaso-motor (229). 

Although the best authorities (228, 229, vol. xix; 446, 245, 449, 380, 
238, 290), establish the origin of the hypogastric nerve supplying the 
uterus in the 2nd, 3rd, 4th, and 5th lumbar nerve roots, minor differ- 
ences of opinion exist concerning these branches. Langley (228) in his 
early work, believed most of the fibres for the uterus traversed the sym- 
pathetic in the region of the 4th to the 6th lumbar ganglia so that pre- 
sumably most of them arose from the 3rd, 4th, and 5th lumbar nerves. 
In a later research done with Anderson (229), cats and rabbits being used 
as experimental animals, he came to the conclusion that the 2nd, 3rd, 
4th, and 5th lumbar branches send fibres to the uterus and that occasion- 
ally a few fibres leave the sympathetic below the 6th lumbar ganglion 
apparently and run directly to the pelvic plexus. Medowar (238) like 
Langley and Anderson (229) occasionally found fibres from the 5th pass- 
ing to the uterus. Gaskell (245) in his research traced the origin of these 
fibres to the last dorsal and the 1st and 2nd lumbar nerves. 
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Nowland (446) using a human cadaver was able to traced fibres from 
the 3rd and 4th lumbar ganglia only to the uterus. The fibres leaving 
these spinal roots run by the white rami communicantes to the sympa- 
thetic and nearly all of them run then to the inferior mesenteric ganglion 
(229). Gaskell states definitely that there are no cell stations in the 
inferior mesenteric ganglion for the autonomic nerve fibres to the uterus 
but that the fibres merely pass through it. This view is not held by 
Langley (228), who believes that most of the fibres which run to the 
inferior mesenteric ganglia are connected with nerve cells there. These 
fibres whether pre- or post-ganglionic in type pass from the inferior mes- 
enteric ganglion and aortic plexus (438, 401, 22) to the pelvic plexus, the 
utero-vaginal plexus and to the cervical ganglia by way of the hypogas- 
tric nerves and then to the uterus proper. The accessory hypogastric 
does not supply the uterus. In the rabbit, stimulation of the strands to 
the inferior mesenteric ganglia has a variable effect. Most of the fibres 
run to the lower pair of inferior mesenteric ganglia and stimulation of 
these strands usually gives contraction of the uterus, but occasionally 
stimulation of the strands leading to the upper inferior mesenteric 
ganglia excites the uterus only and those fibres passing to the lower pair 
of ganglia influence the vagina only. 

On stimulating the peripheral branches of the hypogastric nerve in the 
pelvic plexus separately, Langley and Anderson (229) obtained contrac- 
tion and pallor of portions of the uterus on the same side, i.e., stimulating 
the three main vesico-uterine strands of the plexus, proceeding from the 
ventral to the dorsal strand, they observed separate contraction of the 
vagina, of the basal part of the uterus and of the terminal half to two- 
thirds of the uterus on the same side as the nerve stimulated. Anatom- 
ically, the strands of the pelvic plexus appear to proceed to a certain ex- 
tent from the pelvic nerve. Be that as it may, Langley and Anderson 
(229) believe that the pelvic nerve does not carry efferent fibres to the 
uterus and the contraction of the uterus which is caused by stimulating 
the strands of the pelvic plexus can only be due to efferent hypogastric 
fibres. 

In cats and rabbits, as observed by Langley and Anderson (229), the 
contraction of the uterus upon stimulation of the lumbar nerve fibres, 
involves all muscular layers. In favorable cases, the longitudinal 
shortening is most striking. When these nerves are stimulated on one 
side homolateral contraction is the rule though in favorable experiments, 
slight contralateral contraction is also visible. A number of experi- 
meters agree with the above observers. v. Basch and Hoffman (434) 
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observed the fact that stimulation of the hypogastric nerves (nerves 
uniting the inferior mesenteric ganglion with the inferior hypogastric 
plexus) caused swelling of the cervix, while stimulation of the nervus 
erigens caused shortening of the body of the uterus. They concluded 
that these nerves act antagonistically, the one supplying the circular 
muscle layer, the other the longitudinal. Fellner (394), using the dog as 
experimental animal, came to the same conclusion, i.e., stimulation of the 
nervi erigentes caused relaxation of the cervix but contraction of the 
body while stimulation of the hypogastric nerve caused inhibition of the 
body. Whitehouse and Featherstone (447) presented evidence that the 
circular fibres of the uterus both in the corpus and cervix are stimulated 
by the sympathetic system and inhibited by the lumbar cord. The 
longitudinal fibres, on the other hand, both corporal and cervical and 
the longitudinal muscle of the vagina, in the case of the rabbit, are stimu- 
lated by the lumbar cord impulses and inhibited by the sympathetic 
nerve impulses. In reading their article one would imagine that they 
were speaking about the sympathetic system in both instances, since the 
the lumbar cord fibres are ordinarily regarded as sympathetic but at one 
point they insert the terms nervus erigens and the lumbar cord fibres as 
synonymous. It appears, therefore, that they believe the uterus re- 
ceives fibres from both the sympathetic and parasympathetic systems 
and that the reactions to these nerves differ not only in the uterine mus- 
cle, but even in the layers of muscle. 

Cushny (354) in 1906 stated that the sympathetic had a biphasic 
action. Upon stimulation of the hypogastric nerve, a powerful contrac- 
tion of the whole uterus of the rabbit, whether virgin, pregnant or multi- 
parous was noted. He believed the hypogastric nerve exercised no nor- 
mal tonic influence on the uterus, either in virgin or pregnant animals, for 
its division caused no change except a quick contraction and then a 
return to the position of rest. Although the prevailing feature of the 
hypogastric action in the rabbit was contraction, the subsequent relaxa- 
tion was sometimes followed by such marked dilatation and inhibition 
of the spontaneous movements that he believed that inhibitory fibres 
are also contained in the hypogastric nerve. In the virgin cat, Cushny 
(354), Dale (242), and Kehrer (391) observed excitation of the hypo- 
gastric nerve to cause relaxation only, and in pregnant cats, contraction. 
In two experiments on dogs, Langley (228) observed contraction followed 
by a well marked relaxation upon excitation of the nerve. Similar 
inhibitory effects were later noted by Dale and Laidlaw (450) on the 
uteri of virgin guinea pigs and cats. 
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To prove more definitely the presence of inhibitory fibres in the hypo- 
gastric nerve trunks, Cushny employed ergochrysin which supposedly 
paralyzes the motor sympathetic mechanism. After such administra- 
tion, stimulation of the hypogastric nerve in rabbits and pregnant cats 
was followed either by a short contraction followed by a marked relaxa- 
tion and inhibition of spontaneous movements or by pure relaxation and 
temporary disappearance of uterine activity. Similar findings were 
made by Dale upon stimulating the hypogastric nerve before and after 
doses of ergotoxin and upon the administration of epinephrine in place 
of hypogastric nerve stimulation. 

Sacral autonomic (pelvic nerve, nervus erigens, nervi uterini sacralis). 
Since the publications of a series of articles by Langley and Anderson 
(229) in the early nineties in which they showed that stimulation of the 
pelvic nerves in the cat and rabbit is without effect on the uterus, inhibi- 
tory or motor, this organ has been regarded as being innervated by 
sympathetic nerve fibres only. They confirmed their physiological evi- 
dence that the uterus lacks a pelvic nerve supply by experiments on 
degeneration of nerve fibres after section of the nerve trunk. In the 
cat they cut the roots of the sacral nerves in the spinal canal and after 
five or more days examined the branches of the pelvic plexus for degen- 
erated fibres. They believed these results completely vindicated their 
view that no efferent fibres pass from the sacral nerves to the uterus. 

In the guinea pig Dale and Laidlaw (450) observed the uterus to be 
unaffected by stimulation of the pelvic nerves. 

Before these works were published, the view that the sacral nerves 
send efferent fibres to the uterus was widely accepted and within the 
last 15 years experiments have been performed showing that perhaps 
this was not a mistaken idea after all. Ninety years ago Longet (296) 
presented evidence that fibres from the sacral nerves supplied the uterus 
and that they were motor in action. His observations have been con- 
firmed by many others (22, 401, 402, 455, ete.). 

Frankenhauser (22) described a branch of the pelvic nerve of a rabbit 
arising from the 3rd sacral nerve, which he said passed to the uterine 
horns, though it gave off filaments to the bladder. This branch he 
called the nervus uterini sacralis and he stated that it passes to the 
ganglion uterinum. Langley and Anderson (229, vol. xx) in consequence 
of the description and drawing of this branch by Frankenhauser, dis- 
sected the pelvic nerve of many female rabbits but never found such a 
branch. They, however, traced into the peripheral end of the pelvic 
(vesical) branch a bundle of fibres, which arose from one of the uterine 
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branches but found no degenerated fibres in the mesometrium following 
cutting of all the fibres. The ganglion uterinum they regarded as a 
part of the hypogastric nervous system. 

Meyer and Gottlieb (453) do not agree with them. They say “al- 
though physiologists classify the uterus as possessing solely a sympa- 
thetic nervous control, it should be borne in mind that the nervus 
erigens carries along with its sympathetic fibres some nerve fibres which 
are pharmacologically parasympathetic.”’ Lundberg (456) wrote in 
the same tone. He believed that both parasympathetic and sympa- 
thetic fibres go to the uterus but that the sympathetic is much stronger 
in effect and so conceals the weaker parasympathetic motor action. 

The origin of the pelvic nerves for the uterus has been investigated a 
number of times since Langley’s publication and a number of investi- 
gators believe that there is such an innervation. Gaskell in 1886 (245) 
believed some fibres from the 2nd and 3rd sacral roots pass to the uterus 
and are motor in function. Dahl (359) was able to trace fibres from the 
4th and 5th sacral roots to the uterus. Ishikawa (457) showed the pelvic 
nerve for this organ to originate in the 4th and 5th sacral roots in the 
human but in the dog in the 2nd and 3rd roots. Nowland (446) dis- 
sected a human cadaver and noted that the sacral outflow from the 2nd, 
3rd and occasionally the 4th roots make up the pelvic nerve (nervus 
erigens) which runs to the uterus. Stodhr (16) writes that the uterus is 
innervated by the hypogastric nerve and by the Ist, 2nd, 3rd, and 4th 
sacral pelvic nerves. 

I shall report Ishikawa’s experiments in some detail because of their 
importance in solving the problem of autonomic innervation of the 
uterus. He used experimental animals and was unable to confirm Lang- 
ley and Anderson’s observations. He noted Frankenhiuser’s plexus to 
be a combinaton of the pelvic and hypogastric nerves. The “nervi 
pelvici” he found originated in man from the 4th and 5th sacral roots. 
In dogs, with 7 lumbar and 3 sacral vertebrae the pelvic nerve originates 
in the 2nd and 3rd sacral roots. He contended that because of anatomi- 
cal differences in the spinal column, the 2nd and 3rd roots in the dog are 
the same as the 4th and 5th sacral roots in man. He performed two 
important sets of experiments. In the first he excised the uterus with its 
nerve supply and in the second the uterus was left intact but the right 
pelvic nerve was cut some distance from the plexus. Three weeks late 
the animals were killed and the entire lumbo-sacral cord excised and 
serially sectioned and studied. In these animals no changes in the an- 
terior horn cells from the 1st to 7th lumbar were seen. At the level of 














584 CHARLES M. GRUBER 


the first right sacral, degeneration of nerve cells was first seen. This 
was best seen in the 2nd and 3rd sacral roots, but some changes had oc- 
curred in the first sacral and last lumbar segments. The experiments in 
which total extirpation of the uterus was performed showed the same 
findings in the cord, except that even the 6th and 7th lumbar segments 
showed some changes. From these results he concluded that in dogs the 
uterus receives fibres from the 2nd and 3rd sacral nerve roots and per- 
haps from the 1st sacral and lower lumbar. 

The above experiments are the first to be presented which directly 
contradict the work of Langley and Anderson (229) whose work has been 
the basis of the common teaching in physiology. The criticism which 
one has to offer concerning these results is that excision of the uterus and 
Frankenhauser’s plexus and cutting the pelvic nerve may very likely 
remove fibres passing to other organs instead of only those belonging to 
the organ under discussion. 

Some observers think that the nerves are capable of influencing the 
circular and longitudinal muscle layers separately in addition to causing 
the purely motor stimulating action (308, 390, 396, 401, ete.). Brasch 
and Hoffmann (434), and Whitehouse and Featherstone (447) believe 
that the pelvic nerves cause contraction of the longitudinal and inhibi- 
tion of the circular coats of the uterus while the hypogastric nerves cause 
contraction of the circular fibres and relaxation of the longitudinal ones. 
Fellner’s (394) view differs slightly from this in that he believes the pelvic 
nerve causes relaxation of the cervix of the uterus and contraction of the 
body of the organ. According to Dyroff (454) the sympathetic nerves 
cause an increase in the tone of the musculature which involves both 
circular and longitudinal muscle layers. Stimulation of the parasym- 
pathetic on the other hand causes an increase in the peristaltic activity. 
If this hypothesis is correct, the two systems are not antagonistic to each 
other, but both systems are motor, the sympathetic predominating over 
the parasympathetic. That the pelvic nerves carry sensory fibres was 
noted by a number of observers (16, 229, 390, 396, 402, 437, etce.). Stéhr 
(16) believed afferent fibres from the uterus pass through the 12th tho- 
racic and 1st lumbar and the3rd and 4th posterior sacral roots, the former 
by way of the hypogastric nerves the latter group through the pelvic 
nerves. Ina recent publication by Aburel (458) the utero-sacral nerve 
is treated as though exclusively sensory in action though less important 
than the utero-lumbar nerve, which he regarded as a mixed nerve. 

Vasomotor action. It is generally agreed that the lumbar nerves have 
two effects on the uterus: contraction of the small arteries producing pal- 
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lor of the organ and contraction of the musculature (229, 242, 354, 359, 
424). Lee (516) observed nerve fibres passing to the smallest blood 
vessels in the uterus. Langley and Anderson (229) were unable to show 
an inhibitory or a vaso-dilator action on the uterus no matter where the 
nerve was stimulated. These findings have been confirmed by Dale 
(242), Sugimoto (451), and Markee (452) who noted only vaso-constric- 
tion in the uterus following the injection of epinephrine. Following an 
injection of ergot both stimulation of the hypogastric nerve and epi- 
nephrine caused a distinct flushing of the uterus, according to Dale (242). 

The pelvic nerves may contribute vaso-dilator nerve fibres to the 
uterus (359, 424, 453, 454). Markee (452) observed the vascularity of 
the uterus of the guinea pig, rabbit, and monkey to undergo cyclic varia- 
tions that make it appear to blush and blanch. Both the speed and the 
extent of these vascular changes are affected by the time of the day and 
the stage of theoestrouscycle. About every minutea light area appeared 
at the upper end of the horn of the uterus and spread down toward the 
cervix and the whole uterus was white for only 10 to 15 seconds. This 
alternated with a red period of about 45 to 50 seconds’ duration. The 
mechanism of these changes is not known but they are probably not due 
to the autonomic nerve impulses but are hormonal in origin. 

Pharmacology. The results obtained by investigators upon the ad- 
ministration of sympatho-mimetic and parasympatho-mimetic drugs in 
the main parallel the findings of those who studied the effects of nerve 
stimulation. Such an agreement in response is to be expected by those 
who think that the uterus is innervated by parasympathetic nerve fibres. 
Ishikawa’s (457) work appears to be the best evidence to substantiate 
this theory. 

The drugs act upon both intact and excised uteri with practically the 
same results, as will be pointed out later, the ultimate response being 
largely dependent upon the degree of tonus in the muscle at the time of 
stimulation. 

Epinephrine. Compilation of the results of a number of experiments 
by numerous investigators (see table 6) has established the fact that the 
effects produced by epinephrine on smooth muscle in various organs and 
in different species of animals are the same as those produced by excita- 
tion of the sympathetic nerves to these organs. According to Elliott 
(57) the evidence of this is so strong as to be undeniable. He believes 
that the converse is also true, namely, that if epinephrine produces a 
certain effect on involuntary muscle of an organ, that will be the effect or 
at least the predominant effect of stimulation of the sympathetic nerve 
supply to that organ. 
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TABLE 6 


A table showing the responses of the uterus to epinephrine 


P. pregnant, V. non-pregnant uterus, + contraction, +— contraction followed 
by relaxation, — relaxation of muscle tone, —+ relaxation of muscle followed by 


contraction, 0 no effect. 








Barger and Dale.................. 
Frohlich and Pick..... SEtiivccekws 
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Gunn and Davis................. 


Van Dyke and Gustavson........ 


Gunn and Franklin.............. 
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M’Swiney and Brown............. 
Langley and Anderson............ 


Dale and Laidlaw................ 


Gunn and Gunn................. 
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— V. rat 
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| — V. rat 
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— P. & V. mouse 


+ P. & V. ferret 
— P. & V. rat 


hes P. & V. rat 
| — V. rat 
| — V. rat 

+ V. hog 
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That epinephrine excited the rabbit uterus, excised or in situ, was 
first shown by Kurdinowsky (435) in 1904 and by Biagi (459) in 1905. 
Since then the fact has been confirmed repeatedly (table 6). The only 
author who disagrees with these findings is Okamoto (460) who found 
that large doses of epinephrine caused relaxation of the rabbit uterus. 
Nikolaeff (461) was unable to confirm this. In 1906 Cushny (354) and 
Kehrer (391), each working independently, showed that the functional 
state of the cat’s uterus determines what its reaction to the injection of 
epinephrine and to sympathetic nerve stimulation is to be. In all cases 
the virgin uterus responded to epinephrine by relaxation, whereas the 
pregnant organ contracted. Similar responses of the guinea pig’s uterus 
were reported by Kehrer (393), Dale and Laidlaw (450), Cow (462), 
and M’Swiney and Brown (463). The results on the guinea pig were 
confirmed by Adler (306) who found relaxation in both pregnant or 
non-pregnant organs and by Gunn and Gunn (464) who obtained 
relaxation in both guinea-pig and rat uteri. Sugimoto (451) attributed 
the contraction he observed in guinea pig uteri upon intravenous injec- 
tion of epinephrine to ischemia and not to stimulation of the motor 
sympathetic mechanism. 

As a rule the human uterus responds to epinephrine by increased 
tonus and in some cases by increased rate and force of contraction (465- 
469). This response is observed whether the uterus is pregnant or non- 
pregnant. However, if the uterine tissue is contracted at the time of the 
administration of the epinephrine, relaxation may result. Rucker (470) 
reports three cases in which epinephrine caused relaxation of a constric- 
tion ring ina pregnant uterus. In the non-pregnant monkey, Dale (242) 
noted contraction of the uterus following the injection of epinephrine. 
Ivy, etal. (471) noted a sudden contraction followed by prolonged relax- 
ation and absence of rhythmical contractions in the pregnant monkey 
uterus subsequent to an injection of the drug. 

On the dog’s uterus the results following the administration of epi- 
nephrine are not constant. However, as hypogastric nerve stimulation 
does not give uniform results either, one could hardly expect more of 
epinephrine. Most observers noted contraction of the uterus following 
the intravenous injection of epinephrine or its addition to the bath in 
which an isolated segment was contracting. However, Rudolph and 
Ivy (472) noted inhibition of the movements of the uterus in both 
pregnant and non-pregnant animals following the intravenous injection 


of the drug. Similar findings had been previously reported by Kehrer 
(391) and Okamoto (460). 
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The mouse’s uterus like the rat’s uterus always responds to adrenalin 
by relaxation. Knaus and Clark (473) noted that epinephrine had a 
powerful depressant action on the rat’s uterus either in situ or excised. 
In the last stages of pregnancy the inhibition was as powerful as that 
seen in a virgin rat. No difference in results could be detected between 
the uteri of rats in oestrus or dioestrus or between virgin and parous rats. 

We believe, as previously pointed out, that the hypogastric nerves 
carry both inhibitory and motor fibres to the uterus (p. 502). 

The fact that two conflicting sets of results are obtained by the use of 
epinephrine leads many men to believe that the state of tonus of the 
organ at the time of stimulation determines the reaction to be obtained 
(60, 67, 217, 463, 474, 475, etc.). Thus, if the tone is originally high, 
epinephrine causes relaxation but if the tone is low contraction occurs. 
This point will be further discussed later in this report. 

Ergotoxin. The inhibitory fibres which normally predominate in the 
rat, mouse, virgin guinea-pig and virgin cat uteri can be demonstrated 
in the rabbit, gravid cat and guinea pig by the administration of ergo- 
toxin. In general those uteri which previously responded to adrenalin 
by contraction respond by relaxation following the injection or addition 
of ergot. 

Dale’s (242) original work continues to remain the most important 
research on this question. He used chrysotoxin, after injections of 
which he obtained a perceptible inhibition of the rhythmic contractions 
in the rabbit’s uterus, upon subsequent injections of epinephrine. In 
the cat’s uterus whether gravid or non-gravid whatever the normal effect 
of epinephrine had been, inhibitor, motor or diphasic, Dale showed that 
the effect of another injection of epinephrine following an injection of 
ergot was pure inhibition of tone and rhythm. By this means he there- 
fore demonstrated that the sympathetic nerve supply to the uterus is of 
mixed function and that the nerve may contain some fibres connected to 
purely inhibitory, others connected to purely motor myoneural junc- 
tions or, on the other hand, that the myoneural junctions themselves 
may be composite, consisting of both motor and inhibitor elements. He 
decided from results obtained with ergot that its active principle para- 
lyzes the motor elements of that myotrophic structure or substance 
which is excited by epinephrine and by impulses in the fibres of the true 
sympathetic system, the inhibitor elements being relatively or absolutely 
unaffected. The question as to whether these so called myoneural 
junctions are morphologically differentiated or, as Langley suggested, 
distributed as “receptor substances” is not answered by Dale (242). 
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One thing is clear and that is that the structure or substance affected by 
epinephrine is also that which reacts to impulses in sympathetic nerve 
fibres, because the two kinds of motor stimuli suffer a similar extinction 
by ergot. 

These results have been confirmed by Barger and Dale (300) using 
ergotoxin and by a large number of other investigators (354, 463, 464, 
472,477, etc.). Braun (476) found the time required to render the uterus 
insensitive to epinephrine by ergotoxin varied directly with the concen- 
tration a fact which would support the theory that there existed a chem- 
ical neutralization. Gaddum (478) studied the effects of ergotamine and 
epinephrine on the rabbit uterus. He observed that if the uterus became 
insensitive to a small dose of epinephrine after the administration of 
ergotamine, it would contract again if a more concentrated solution of 
epinephrine was used. He did not believe that there was a chemical 
combination of the two drugs, but advanced a theory that there is an 
area in the muscle on which epinephrine acts and that a fraction of this 
area is blocked by ergotamine so that in each case the concentration of 
epinephrine must be increased a certain amount to overcome the block. 
Tate and Clark (477) observed that the excitability of the uterus in 
virgin guinea pigs increased to such a degree when ergot was given that 
epinephrine caused a contraction instead of relaxation. Another ex- 
planation just as plausible would be that ergotoxin paralyzed the pre- 
dominant inhibitory mechanism in the hypogastric nerves, leaving the 
motor mechanism intact. 

That ergotoxin paralyzes the motor sympathetic mechanism in the 
urinary bladder is questioned by Macdonald and M’Crea (217). They 
believe the change in tone of the organ is the most important fact in 
its response to epinephrine. However, M’Swiney and Brown (463) 
noted no change in the tone or rate of rhythmic contractions in either 
rabbit or guinea pig uteri following the addition of ergotoxin to the bath. 
A subsequent addition of epinephrine, however, relaxed the muscle fibres. 

Although experiments, which lend support to the theory that the 
response of the organ to epinephrine is influenced by the general tonus 
of the organ, have already been cited (page 502), a few on the uterus are 
added here. Using non-gravid rabbit uteri, Falta and Flemming (474) 
were able to show that epinephrine can cause either complete inhibition 
of contraction with loss of tonus or contraction, the response depending 
upon the tonus of the organ. They increased the general tonus of the 
uterus by exposing it to blood serum. When in this solution the uterus 
always relaxed upon the addition of epinephrine to the bath. When the 
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tone of the same segment was low, as when in Ringer’s solution, the drug 
caused contraction. 

M’Swiney and Brown (463) exposed the rabbit’s uterus to pituitrin 
and to histamine both of which increased its tonus. In both instances, 
a subsequent dose of epinephrine caused relaxation. Cutting off the oxy- 
gen supply to the solution in which are uteri of rabbits and guinea pigs 
causes the former to relax and the latter to contract. The addition of 
epinephrine reverses the actions, the former contracting and the latter 
relaxing. ‘The results with pituitrin have been confirmed by a number 
of men (471, 472, etc.). 

Using Witte peptone to increase the general tonus of the uterus, Fréh- 
lich and Pick (479) obtained the same general results. 

The tone of the uterus may also be increased by the addition of pilo- 
carpine, atropine, histamine, strophanthin, quinine, aloes, hydrastis, 
etc. In each case epinephrine antagonizes the action of the drug, what- 
ever the point of supposed action of the drugs (306, 451, 456, 460, 480, 
etc.). 

Questions difficult to answer are why uteri of certain species of animals 
always relax upon stimulation of the hypogastric nerves and by epineph- 
rine while others always contract under similar conditions, and why 
pregnant uteri of the cat and usually the guinea pig respond to such stim- 
ulation in a different manner than do the non-pregnant organs. 

A number of hypotheses have been offered in explanation but none 
of them is entirely satisfactory. Cushny (354) believed the muscle 
of the pregnant cat uterus more irritable and the change in the reaction 
between it and the virgin organ due to that fact. His hypothesis is 
supported by the findings of Knaus (481), and Obernier (430) but contra- 
dicted by those of Haddaeus (425), and Brown-Séquard (513). In a se- 
ries of rabbits Knaus (481) sterilized one horn of the uterus, leaving the 
other with its embryo undisturbed. Segments were cut from the steri- 
lized horn at different periods of gestation and its irritability to epineph- 
rine tested. He observed it to become more irritable as the animal neared 
term. A somewhat similar explanation was given by Dale (242). He 
believed that during pregnancy there is a change in the nerve fibres so 
that the motor fibres predominate over the normally more powerful 
inhibitory ones. According to Fardon (482) there may be either a posi- 
tive increase in the number of augmentory nerve fibres during pregnancy, 
or there may be a change in the muscle cells which renders them more 
responsive to impulses from motor fibres. A similar explanation is 
offered by Quadiarullo (483) who attributes the difference in action to 
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formation of new muscle in which the autonomic motor fibres predomi- 
nate over the sympathetic inhibitory fibres. This, however, is not in 
accord with the observations of Sellheim (484). During pregnancy the 
pituitary gland undergoes definite hyperplasia (485-487) and some 
experimenters think that the increased secretion of pituitrin sensitizes 
the uterus to epinephrine and to impulses from the hypogastric nerves 
(451, 462, 464, 477). Although this action is denied by others (488) the 
bulk of evidence favors such an hypothesis. 

Kehrer showed that repeated injections of pituitrin changed the 
inhibitor effect of epinephrine on the virgin cat’s uterus to an excitor 
effect. Cow (462) in 1919 carried on an extensive study on this sub- 
ject. He observed that if the uteri of cats or rats received a preliminary 
treatment of pituitrin, subsequent doses of epinephrine caused contrac- 
tion in either pregnant or non-pregnant animals. In the latter animals 
this response is much more difficult to obtain. Similar results occurred 
with the uterus in situ. He found that the uteri of virgin cats and 
guinea pigs fed pituitary extract by mouth or given hypodermic injec- 
tions over a period varying in length from 30 days to 18 weeks respond 
to epinephrine by contraction instead of relaxation. He therefore 
claims that there is no reason for believing the hypothesis that during 
pregnancy motor nerve endings in the uterus multiply to such an extent 
that they come to outnumber the inhibitor nerve endings. 

‘This “‘pregnancy response”’ was also studied by Van Dyke and Gustav- 
son (489), and Dyroff (454). The first observers injected lipiodal and 
aqueous extracts of mature corpora lutea into kittens. In these animals 
the uterus responded to hypogastric nerve stimulation and to epineph- 
rine by contraction as in the pregnant animal, instead of by relaxation 
as in the virgin. That the development of muscle alone was not the 
cause of this response was shown by the fact that administration of pla- 
cental and follicular liquid extracts produced marked hyperplasia of the 
uterus without causing the organs to respond by contraction to epi- 
nephrine. 

Whether there is an actual increase in the number of muscle fibres or 
only an increase in the size of the fibres is also a debated question (16, 
484). 

Another theory advanced to explain the difference in responses in 
pregnant and non-pregnant uteri is that of the ratio of calcium and po- 
tassium. Generally speaking the two elements act antagonistically, 
i.e., if the calcium content of the Ringer’s solution bathing the uterus is 
diminished, the result is relaxation; if the potassium content is decreased 
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the organ contracts (451, 473, 490, 493). Calcium seems to sensitize 
the sympathetic nerve endings and potassium seems to desensitize the 
same mechanism. Kehrer (494) studied the calcium content of the 
blood serum in normal and pregnant women. In pregnant women he 
found the calcium to vary from 7.02 to 7.53 mgm. per 100 ec. of blood. 
This decrease from the normal, 10.18 mgm., he attributed to the use of 
calcium in the formation of fetal bones. Near the end of pregnancy, the 
calcium content had returned to normal. This increase in calcium is 
thought by Blair Bell (495) to start labor. There are, however, many 
contradictory statements in the literature on the question which are im- 
possible to discuss in this brief article. Zodenk (492) noted calcium to 
have the same effect as epinephrine on the pregnant and non-pregnant 
uterus of experimental animals. This fact would support the above 
hypothesis. He concludes that though reactions to the sympathetic 
nerve stimulation and calcium appear to be the same, calcium does not 
actually stimulate the sympathetic system. He found the actions of 
sodium and potassium ions and parasympathic stimulation the same. 
Turolt (493) studied the effect of excess calcium and potassium ions in 
Ringer’s solution used to bathe segments of the excised guinea-pig and 
human uteri. Increase in calcium caused increased general tonus in 
the guinea pig, but relaxation of the human uterus. Excess of potassium 
ions in the Ringer’s bath caused relaxation of the guinea pig’s uterus but 
contraction in the human. Epinephrine when added to the bath con- 
taining an excess of calcium caused further contraction of the gravid 
and non-gravid guinea pig’s uterus, but relaxation of the non-gravid 
and contraction of the gravid human uterus. When added to the bath 
containing an excess of potassium, epinephrine caused further relaxation 
of the guinea-pig uterus and the gravid human organ, but contraction 
of the non-gravid human uterus. He believes the differences in action 
obtained with epinephrine described by the different observers due to a 
difference in the calcium-potassium concentration in the fluids used. 
Tate and Clark (477), unlike other investigators, observed an excess of 
potassium to produce contraction of the guinea-pig, rat, rabbit, and 
kitten uteri. Lack of potassium gave a similar result, whereas an excess 
of calcium caused relaxation of uteri of rats and guinea pigs, but contrac- 
tion in those of rabbits and cats. In the kitten they observed the fact 
that calcium chloride could antagonize the inhibitory effect of epineph- 
rine and that in the rat the inhibition of the uterus by epinephrine 
could be counteracted by potassium chloride. Bell and Hicks (496) 
found calcium chloride active only in pregnant and menstruating uteri. 
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The fact that such variable results are reported would tend to dis- 
count the theory that these ions have an effect in bringing about labor 
in pregnancy. 

Pilocarpine and atropine. The greatest controversies in the literature 
on the autonomic innervation of the uterus have surrounded the actions 
of the parasympatho-mimetie drugs on this organ. 

In the rabbit, pregnant cat (354, 391, 460), guinea-pig (450, 464), 
mouse (306), rat (460), and human (497) uterus, pilocarpine causes vio- 
lent contractions of the organ. In all cases this effect can be arrested 
by the use of atropine, though during stimulation of the hypogastric 
nerves it continues to be effective. From these facts Cushny (498) in 
1906, concluded that “‘pilocarpine and atropine appear to act on some 
structure which is independent of the hypogastric nerve.’’ A few years 
later he (354) again investigated the action of pilocarpine in cats. In 
every case intravenous injection of pilocarpine nitrate was followed by 
the same changes as occurred from stimulation by epinephrine and of the 
hypogastric nerve. In the pregnant animal it caused contraction and in 
the virgin it caused relaxation of the organ. Pilocarpine, however, was 
found to differ from the others in that it is completely antagonized by 
small quantities of atropine, which usually have no effect on the reactions 
to the others. In addition, the pilocarpine action on the pregnant cat’s 
uterus he found could be reversed by the administration of a large dose 
of ergotoxin. The fact that the action of pilocarpine on this organ is 
exactly the same as the action produced by hypogastric nerve stimula- 
tion suggested to him that the alkaloid probably affects some point on 
the path of the nervous impulses. Strong confirmation of this idea is 
afforded by the fact of the antagonism of large doses of ergotoxin to the 
motor effects of pilocarpine and of nerve stimulation. On the other 
hand, atropine which antagonizes pilocarpine completely, does not influ- 
ence the passage of the nerve impulses nor the action of adrenalin. He 
also noted the fact that physostigmine caused contractions of the uterus 
which could be antagonized by atropine, but not by ergotoxin. None 
of the physio-chemical conceptions of these alkaloids explains all of these 
changes. Cushny’s suggestion that there may be a set of receptors for 
epinephrine and ergotoxin lying in the nerve impulse path and a separate 
and independent receptor for atropine and pilocarpine associated with 
the impulse path but not on the direct course to the contractile substance 
would seem, as he says, an unusual explanation especially since the 


receptor path for atropine and pilocarpine in other organs appears to 
lie in the nerve impulse path. 
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Dale and Laidlaw (450) working on this problem found that in virgin 
guinea pig as in the virgin cat, the uterus is inhibited by excitation of 
the hypogastric nerve and by epinephrine. Pilocarpine, however, has 
a very intense motor action whether the horn is isolated and immersed 
in Ringer’s solution or observed in situ and the alkaloid injected intra- 
venously. They were able to confirm Cushny’s observations on the 
inhibitor effect following the injection of the alkaloid in the non-pregnant 
cat’s uterus under natural conditions, but were disappointed in the in- 
constancy of action. They observed a number of instances in which the 
uterus inhibited by epinephrine was stimulated to contraction by pilo- 
carpine even in situ. Inasmuch as the uterus supposedly has no pelvic 
nerve supply, they attributed the action of pilocarpine on the uterus in 
the body to two effects; a direct motor action on the uterine muscle, 
and an indirect action stimulating the sympathetic nerve supply. The 
pilocarpine effect on the cat’s uterus, though it resembles that produced 
by sympathetic nerve stimulation, is however, unlike that of epinephrine 
in that it does not survive excision of the organ. The excised virgin 
cat’s uterus responds to pilocarpine by contraction instead of relaxation. 
Because of this Dale and Laidlaw (450) investigated further the effect of 
pilocarpine on other organs, especially upon the adrenal body, and they 
found that the adrenal output was doubled upon the injection of pilo- 
carpine. If the adrenal glands were excised, pilocarpine injected intra- 
venously did not relax the virgin cat’s uterus. They decided therefore 
that the uterine inhibition produced in the non-pregnant cat uterus was 
due to increased secretion of epinephrine. That pilocarpine depletes 
the store of epinephrine in the gland was confirmed by Stewart and Rog- 
off (499) but counterdicted by Tscheboksoroff (500), Elliott (501), and 
Ehrmann (502). 

Gunn and Gunn (464) also questioned this theory of Dale and Laidlaw 
(450). On two occasions they observed pilocarpine to cause relaxation 
of the rat’s uterus and they noted the fact that this was antagonized by 
atropine. Inasmuch as they were dealing with excised tissues they be- 
lieved epinephrine was entirely out of the picture and the action was 
purely a local one. 

Cow (462) demonstrated increased sensitivity of the uterus to pilo- 
carpine following repeated injections of pituitrin, a phenomenon similar 
to that observed with epinephrine. Whether this change in response to 
pilocarpine is due to increased sympathetic or parasympathetic irritabil- 
ity cannot be answered since v. Frankl-Hochwart and Froéhlich (488) 
showed that pituitrin increases the responsiveness of the bladder to 
stimuli from the nervus erigens. 
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That pilocarpine can produce either inhibition or excitation of the 
excised uterus was demonstrated by Kuyer and Wijsenbeek (503). 
In both guinea pigs’ and cats’ uteri they observed relaxation of the organ 
with small doses and contraction with larger doses. Seel (504) used 
segments of pig’s uterus. Uteri of very young animals responded to 
pilocarpine by relaxation whereas segments taken from uteri of old ani- 
mals responded by contraction. Another difference in reaction of 
the uterus to epinephrine and to pilocarpine is shown by the fact that 
pilocarpine is ineffective after histamine whereas adrenalin causes relaxa- 
tion. After pituitrin both substances cause inhibition (479). Sugimoto 
(451) also noted that if the uterus was contracted by pilocarpine, it could 
be made to relax by epinephrine. 

It is, perhaps, a good idea to mention here that pilocarpine has been 
employed clinically to contract the uterus in pregnancy, but this use has 
been discontinued because of the side actions (479). 

The results with atropine are most discouraging. In general, if the 
uterus has responded to pilocarpine by contraction, atropine relaxes the 
organ. In the absence of pilocarpine, atropine has little or no effect 
(229, vol. xix, 354, 422). In some cases it decreases the tone and rate 
of contractions of the uterus (505) and in others, small doses increase the 
tonus of the uterus and large doses decrease it (306, 391, 451, 460). 
Peculiarly enough in those instances in which atropine increased the 
tonus this effect could be antagonized by epinephrine. 

Perhaps the interesting results of Adler (806) and Gohara (353) 
should be mentioned here. Adler observed that if the uterine tone had 
been increased by atropine, it could be antagonized by the addition of 
epinephrine. Gohara (353) also demonstrated that if the tone of the 
uterus was increased by epinephrine this could be abolished by a subse- 
quent addition of atropine. These drugs were, in these cases, mutually 
antagonistic. 

Photographic registration of the action current was used in studying 
the rabbit uterus by Hasama (506). His method was similar to that 
employed by Bayliss and Bradford (507), upon studying salivary secre- 
tion. They found upon stimulation of the chorda tympani that the 
surface of the gland became negative, the hilus positive and the reverse 
was noted upon sympathetic stimulation. Upon stimulation of the 
nerves and the injection of drugs Hasama came to the conclusion that 
the uterus is innervated by both sympathetic and parasympathetic 
nerve fibres. The alterations in form of the electrogram of the uterus as 
result of sympatho-mimetic drugs is, he believes, specific, and in all 
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instances the tubal portion of the uterus become strongly negative to the 
vaginal portion, the amplitude of the contractions becomes larger and the 
frequency increased. With the parasympatho-mimetic drugs the nega- 
tive waves become more frequent without increased general negativity 
of the uterus to the vagina. One of the drawbacks to such experiments 
is that the vagina is also responsive to these chemicals and that the ob- 
served difference in the action current between the two organs may be 
due merely to the difference in their response to the substance. 
Another theory which has recently gained favor among physiologists 
in explanation of the action of sympathetic and parasympathetic stim- 
ulation upon organs is that of chemical or humoral stimuli. Its advo- 
cates believe that some chemical substances are discharged into the 
organ by the nerve impulses and that these chemical substances act upon 
the organ itself. At present only Henderson (518) has made such obser- 
vations on the genito-urinary system. ‘This investigator believes that 
acetyl-choline is set free in the muscle of the urinary bladder upon excita- 
tion of the pelvic nerves. This acetyl-cholineis instrumental in producing 
the changes in the organ itself. Thus far his work has not been confirmed 
by other workers, nor noted in other organs of the genito-urinary system. 
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